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Isotope shift in atomic spectra has played vital rale 
in the past and continues to contribute significants in the 
elucidation and understanding of electronic structure of atom 
as well as size and shape of nuclear charge distribution. 
Isotope shift in atomic spectra is a product of two factors: 
electronic factor, which depends upon difference in the 
electronic charge density of the nuclei and the nuclear 
factor, which depends upon nuclear charge distribution of the 
nuclei. 
The present thesis deals with the application of 
isotope shift in the understanding of the complex structures 
of the energy levels of the rare-earth atoms and ions: Nd*, 
Gd, Gd"^ , Dy, Dy*. Yb and Yb . Many of the energy levels 
studied presently were unexplored because the strong 
transitions from these levels lie in the ultraviolet region 
and hardly any measurement of isotope shift has been carried 
out in this region. 
Attempt has also been made to study the higher order 
effects like Grossed-Second-Order effect in Nd* and Gd . 
Inspite of the fact, the studies were carried out with 
conventional Doppler limited technique, we have also 
evaluated Mean Square Nuclear Charge Radii of the stable even 
isotope of Bd by choosing proper transitions so that the 
1 
specific mass shi-ft 15 small. These mean square nuclear 
charge radii could be used to calibrate the long chain of 
radioactive isotope studies using laser spectroscopy in a 
transition. 
Isotope shift studies in rare-earth spectra have been 
carried out in optical, electronic x-ray and muonic region. 
Most of the earlier measurements in the optical region were 
carried out using Fabry-Perot interferometer/spectrometer. 
Measurements in the infrared to visible region are being 
carried out using Fourier Transform spectroscopy. 
During the last decade high resolution laser 
spectroscopic techniques like, laser induced fluorescence 
using atomic beam, two-photon spectroscopy, saturation 
spectrDscopy and polarization spectroscopy using hollow 
cathode discharge have been used to accurately measure the 
isotope shifts. But most of the laser based measurements have 
been restricted to visible region and few measurements exist 
in ultraviolet region. 
The presient studies of isotope shift under taken in the 
region 3300-3900 A using Recording Fabry-Perot spectrometer. 
Although not as accurate as laser technique covers the 
spectral range for which neither the commercial Fourier 
Trans-form spectoscopy are available nor the laser can be 
easily used -for high resolution studies in this region. The 
isotope shi-ft studies in the spectra of Nd, Gd, Dy, and Yb in 
the region 3300-3900 A are very scanty and were made mostly 
with the aluminium coated Fabry-Perot spectrometer. The 
present studies taken with the broad band multi layer 
dielectric coated Febry-Ferot etalon has thus provided new 
information in earlier scanty unexplored ultraviolet region. 
A brief summary of new information obtained from the present 
study are summarised below. 
Introduction of the whole work is given in chapter I 
which includes the basic concept of isotope shift theory and 
a brief discription of isotope shift measurements in 
different rare-earths. The theory and applications of isotope 
shift studies are summarised in chapter II. It includes mass 
shift, volume shift, screening effect, relativistc effects in 
J-depenedence of isotope shift. This chapter also contains 
the basic idea of higher orded effects and evaluation of 
nuclear parameters with the help of isotope shift studues. 
Chapter III is devoted to describe the experimental 
technique, light source, monochromator, Fabry-Perot 
interf eromete?r, photomultipl ier and associated electronics. 
Special attention is paid to the recording and measurements 
of the isatope shifts. 
In chapter IV we have reporterd AT values for some high 
lying odd energy levels and even levels. The configuration 
assignments for the levels, both even and odd, above 30000 
cm is very scanty and AT values which could be helpful in 
the configuration assignments are also not available for the 
mentioned energy levels. We have measured isotope shift in 92 
spectral lines in ultraviolet (3290-3960A) region. We have 
also classified fifteen lines on the basis of isotope shift 
measurements. We have revised the classifications of seven 
spectral lines. There ars three spectral lines which we have 
found as two lines whose separations were accurately measured 
using single isotope. Term isotope shifts AT(144-150) have 
been evaluated for 6B odd and 8 even levels. We have assigned 
3 
7 levels to predominant 4f 5s6p, one level to almost pure 
3 3 
4f 5s6p and 6 levels to about 607. 4f Ssop and admixture of 
4f 5d and 4f''6p. 4 levels have been assigned to pure 4f 6p 
whereas three levels are assigned to predominant 4f 6p. The 
assignment of one level is revised. We have evaluated AT for 
a level of 4f 6s6p configuration for the first time. We have 
also found difference of our AT values and that of reported 
by Blaise et al. 
In chapter V we have reported measurements of the term 
5hi-ft values -for high odd and even levels o-f Yb II. We have 
measured isotcipe shi-ft in 57 spectral lines o-f Yb II. Three 
lines have two possible classi-fications and on the basis of 
measured isotope shift we confirmed the cirrect 
classification for these lines. We have evaluated AT values 
for 30 even levels and 19 odd levels. The even levels belong 
to 4f**6s, 4f^*5d, 4f*^6s6p, Af^Ts, 4f"5d6p, Ai^*bd and the 
odd levels belong to 4f 6s , 4f 5d6s, 4f 6p. From the 
present studies an attempt was made to check whether the 
levels belonging to 4f 5d6s electronic configuration could 
be grouped according to their different J L term 
^ ^ ^ I II 
designations- It has been found that the AT values of levels 
M 
belonging to CJ L 3 are somewhat different from that of 
the CJ L ] term. This shows Lhe dependence of the AT on 
I II 
the multiplicity M. 
Chapter VI is devoted to isotope shift studies in 
neutral gadolinium atom. Isotope shift Aa ( Bd - Gd) has 
been measured in 70 lines of Gd I spectrum in the range 3290 
- 3950 A. 15 lines are unclassified whose classifications are 
given by us. AT (156 - 160) have been evaluated for the first 
time for 25 even parity levels of Gd I. The assignments of 13 
7 
of these levels to 4f 5d6s6p configurations are confirmed by 
7 2 
our AT values. 11 levels belong to 4f 5d 6p configuration. 
—1 7 Z 
One level at 34951 cm was tentatively assigned to 4f 5d 6p-
We have revised the assignment -for this level and suggested 
that this level may have predominantly 4f 5d6s<bp 
configuration. We have also confirmed the tentative 
assignments of 6 levels to 4f 5d6s e;;ecpt one level at 32563 
-1 7 
cm . We have revised the assignment of this level to f dsp + 
7 2 
f d p. Three levels have no assignments. Out of these one 
g 
level is assigned to f ds and two Are assigned to a mixed 
7 7 2 
configuration f dsp + f d p. AT values for the seven even 
levels reporti?d by earlier workers have been revised by us. 
In chapter VII we have reported isotope shift 
measurements in singly-ionised gadolinium (Bd ID- Isotope 
shift ACT(156-;L60) have been measured in 59 spectral lines of 
singly ionised gadolinium (Gd II). AT(156-160) for high odd 
and even energy levels are not known. Also there are so many 
high odd levels without configuration assignments. We have 
evaluated AT(156-160) for these levels, which could be 
helpful in confifming the assignments or suggesting the 
possible assignment to unassigned energy levels. AT for 27 
high even parity energy levels have been evaluated out of 
which AT value's for 5 even levels are being reported for the 
first time. Our AT values agree with the earlier reported 
7 8 6 
The even levels belong to 4f 5d6p, 4f 6s and 4f 5d 
configurations. AT values have been also evaluated for 11 odd 
levels for the; first time. Out of which 5 levels are still 
L i n a s s i g n e d . WEB c o n f i r m e d t h e a s s i g n m e n t o f 5 l e v e l s w h i c h 
g 
belong to 4f 6p. The assignment of one level has been revised 
on the basis of measured isotope shift AT. Out of 5 
7 
unassigned levels, 2 levels are assigned to 4f 5d65 and three 
g 
levels are assigned to 4f 6p configurations. 
In chapter VIII, isotope shift studies in neutral 
dysprosium have been reported. The spectrum of neutral 
dysprosium is very complex due to high density of the energy 
levels. The known energy levels of neutral dysprosium atom 
(Dy I) above 33,000 cm have no configuration assignments 
In order to evaluate AT(164-160) of these levels, we have 
measured isotope shift in 48 spectral lines of Dy I spectrum 
in ultraviolet region. Dn the basis of measured isotope shift 
the classification of one line at 3798.7 A is found to be 
incorrect. We have evaluated AT ( Dy- Dy) for 32 even 
parity levels,. Out of which 20 level's are unassigned. The 
configurations involved in present investigation are 
p lo 
4f 5d6s6p and 4f 6s6d. The high even levels having AT values 
between (Z-8) mK and (Z+15) mK belong to 4f**5d6s6p 
configuration,. One level belong to f sd configuration. Wyart 
-1 p 
has theoretically assigned the level at 40005 cm to f dsp. 
But our observed AT value for this level (Z-41) mK shows that 
this level does not belong to f dsp. Bo the assignment for 
the level at 40005 cm is revised. Six high even levels 
whose AT values lie between (Z-B) mK and (Z+15) mK have been 
assigned to i dsp. 
In chapter IX we have reported isotope shift studies in 
singly ionised dysprosium (Dy II). The known odd parity 
energy levels od Dy II between 32000-46000 cm have no 
con-figuration assignments and it is not easy to assign 
theoretically these levels. Wyart has assigned 117 of these 
p 2 P 2 lO 
odd levels to 4f 6s , 4f 5d and 4-f 5d6p on the basis of 
parametric calculations carreid out taking into account the 
configuration mixing. Experimentally evaluated isotope shift 
(AT) of the energy levels are sensitive probe to check the 
theoretical composition of the mixed configurations assigned 
to these levels. We have evaluated theoretical values of the 
term shift (AT) for each of the 28 odd levels of Dy II. 
Iheo 
There is good agreement AT and (AT) execpt for three 
In^o exp 
levels. We ahve also observed isotope shifts for transitions 
p p Q ^ 
f sp - f ds and f dp - f ds involving high even and low odd 
energy levels for which AT values have not been evaluated. IB 
observed in such transitions can through light on the 
percentage compositions of the configurations of these 
levels. There are some 240 uninterpreted levels between 30000 
and 42000 cm , For most of the levels there is not much 
variation of AT values. As the configuration mixing is bound 
to predominant. We have also considered intensity of the 
B 
transitions involved. On the basis o-f these considration we 
have suggested tentative assignments to these levels. 
In chapter X we have reported isotope shift studies in 
neutral ytterbium (Yb I). Isotope shift Aa(172-176) have been 
measured in 25 spectral lines o-f Yb I covering the region 
3425-4361 A. One line has been classified by us during 
present investigation. We have evaluated AT values for 8 even 
perity energy levels for the first time and there are 14 even 
levels involve^d. These levels belong to 4f 6p , 4f 6s7d, 
4f 5d6s6p, 4f 6s 6p and 4f 6s9d. We have confirmed the 
earlier measurements. We have also evaluated AT for six high 
odd levels for the first time. These levels belong to 
4f^^5d6s^, 4f^'*65l0p, 4f"6s9f, 4f"5d^6s, 4f*'*6sl2p, and 
13 2 —1 
4f 5d 6s configurations. One level at 48701 cm has no 
assignment. The assignment of this level is given by us and 
13 E 
it is assigned to 4f 5d 6s. 
In chapter XI we have reported the higher order effect. 
<3 4 
Crossed-Second-Order Effect in field shift in I and I terms 
of 4f ( I) 6s conf igurationh of Nd II and F and F terms of 
8 7 
4f ( F)6s configuration of Gd II have been evaluated. To the 
first order the mass shift MS as well as the field shift FS 
is a constant within a pure Russel - Saunders (RS) term of a 
particular configuration. The AT values for different terms 
o^ a pure con-figuration, are evaluated relative to a refrence 
level and when separated into MS and FS may show slight 
di-f-ference in MS or FS for different RS terms. This has been 
attributed to the influence? of second-order contributions 
Crossed-second-order effects in the field shifts 
N 
manifests in the nl ns type of configuration where the 
coupling of the 's'electron to the 1 core causes the 
M-fl M~l 
splitting of the RS terms into L and L terms (M being 
the multiplicity of total angular momentum L of the parent 
term resulting from the 1 electrons). CSO effect leads to 
different electron charge densities for these two terms 
resulting in different FS values for these terms. 
Crossed-second- order effects in the field shift of I 
4 4 5 
and I terms of 4f ( I) 6s configuration of singly-ionised 
neodymium has been experimentally evaluated. The CSD-FS 
difference between the two terms of nl ns configuration is 
evaluated by measuring isotope shift in transitions from a 
common upper level to the levels of these two terms. The 
experimental value of CSD-FB difference between the two 
terms, I and I, CA(FB)D ' ' is in good aggrement with 
CSO ^ 
the theoretically evaluated value. Also the CSO-FS difference 
between the tv*D terms of F and F, EA(FS) D ' agree well 
CSO 
with theoretical value. 
10 
We have evaluated nuclear parameter in chapter XII. 
isotope shift in heavier elements is a composition of mass 
and -field shift. The -field shift contains the information 
about the nucleus as it arises due to the difference in 
nuclear potential of the isotopes causing differences in the 
electrostatic interaction between the electrons and the 
nuclear charge distribution. Thus information on nuclear 
charge distribution can be extracted from the measured IS by 
separating SMS and FS via the King plot. The FS values is 
then used to evaluate the nuclear mean square charge radii 
2 
(5<r > from the? field shift. Isotope shifts involving all the 
stable even - A isotopes of gadolinium have been studied in 
four transitions using optical techniques and highly enriched 
isotopes. In the present studies, the changes in the mean 
2 
square nuclear charge radii 6<r > of all stable even isotopes 
of gadolinium has been evaiuated,using semi - empirical 
approach without restoring to the calibration with the muonic 
X ray value. 
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CHAPTER I 
INTRODUCTION 
1 
Atomic isotope shifts in the spectral line o-f an 
element having isotopes, provide information of the atom as a 
whole and thus acts as a link between atomic and nuclear 
physics. Isotope shifts (IS) in atomic spectra, have been 
extensively investigated both theoretically and experimentally 
and has resulted in the formulation of new concepts of 
electronic interactions. The studies of isotope shifts have 
provided many valuable information on the structure of the 
complex atoms CI] as well as the structure of the nuclei t23. 
Isotope shift in atomic spectra arises due to two 
distinctly different effects C33. The'mass effect' arises from 
the difference in nuclear masses of isotopes and results in 
two types of mass shift. Normal mass shift (NMS) which is due 
to reduced mass correction, but for a multielectron atom there 
is an additional coupling effect of the momentum correlation 
terms leading to specific mass shift (SMS). The NMS in a 
spectral line is easily calculable but the SMS which is due to 
correlation between electrons is difficult to evaluate t4D. 
Since the mass effect (NMS + SMS) is proportional to 1/A*, NMS 
is small in heavy elements however SMS may still be large as 
it depends on the correlation between the electrons in the 
configuration of the energy levels. The other effect known as 
the 'field effect' arises from the electrostatic interaction 
between the electron charge density at the nucleus and the 
nuclear charge distribution o-f differnt isotopes. These 
differences in nuclear charge distribution between the 
isotopes arise because of the change in the size and shape of 
the nuclei on addition of neutrons-
The field shift in a spectral line between two isotopes 
thus depends on, the change in the electronic charge density 
at the nucleus, Ajv^o) j. in the transition i, as well as on 
the change in the mean square nuclear charge radii 6<r >, of 
the isotopes. The study of isotope shift thus can provide 
information on the electronic configuration of the energy 
levels of an atom, as well as, on the variation in the nuclear 
size and shape between different isotopes. 
The information obtained from the experimentally 
observed isotope shift can be thus segregated into two parts: 
one depending on the electronic structure of the atom and the 
other on structure of nuclei constituting the atoms. 
1.1 Isotope Shifts and Electronic Configuration of Atomic 
Energy Levels 
The magnitude of the field shift for a particular pair 
of isotopes is proportional to the change in electron charge 
density at the nucleus during the transition Alv^CO)] , thus a 
comparision o-f isotope shifts in di-fferent transitions of an 
element gives a measure of how A|^(0)| varies between 
different types of transitions. Those transitions in which the 
number of s-electron change, have large values of A|v(0)| ; so 
the study of isotope shift in different lines of a spectrum 
catn be a great help in the interpretation of the energy levels 
involved in the transitions and provide valuable information 
about the electronic configuration of these energy levels. 
On the basis of isotope shift measurements in atomic 
spectral lines, one can group transition into rather broad 
categories according to the electronic configurations involved 
in the transition. These measurements can be correlated with 
several additional types of electronic configuration and after 
analysis, one can suggest the electronic configuration of the 
involved level which have not yet been classified. 
In case of complex spectra, because of high density, of 
energy levels, it is sometime difficult to unambiguously give 
the classification of a spectral line; thus leading to more 
than one possible classification assigned to a transition. 
Isotope shift studies eventually enable us to check the energy 
levels classifications of spectral lines as well suggest 
possible classification of the unclassified lines. Blaise C5D, 
Gluck C6], Ro55 C7] and Ahmad et al CB3 have successfully 
applied the isotope shift studies for understanding the 
elctronic configurations in complex spectra of uranium, 
tungsten, erbium and neodymium respectively. 
When a level has mixed configration then the isotope 
shift values are very useful to determine the amount of 
configuration mixing using the "sharing rule" which was first 
utilised by Brix and Lindenberger in Bd II [93 and is being 
successfully utilised even in such complex spectra as those of 
rare-earths e. g., Ahmad et al C103 and Pushpa et al C113 have 
applied this rule to confirm configuration mixing in Dy II and 
5m II respectively, Villemoes et al tl23 have also recently 
reported configuration mixing in some of the energy levels of 
Sm II. 
Isotope shifts have also revealed very valuable insight 
and provided information about the screening effects on 
transition electrons due to other electrons in the atom. 
Screening ratios can be measured experimentally and compared 
with the values evaluated theoretically C131. The agreement 
between experiment and theory has been usually good which 
encourage the evaluation of screening factors from the theory 
C14,153. 
5 
1.2 Isotope Shift and Changes in Nuclearn Mean-Square Charge 
Radii fi<r^> 
Field shift, whcih . is predominant in heavy elements 
(A > 100) can be factorised into the nuclear part (fi<r >) and 
electronic part (A|v/(0)| ). By keeping the elctronic factor 
constant, i.e. measuring isotope shift in a particular 
transition in a chain of isotopes, one can get information on 
2 
the variation of the nuclear mean-Efquare charge radii, fi<r >, 
between the two isotopes A and A'. 
On the basis of the systematic studies of isotope shift 
involving isotopes with nuclear spin 1 = 0 , Brix and 
Kopfermann tl33 introduced the concept of 'static' nuclear 
deformation as with no nuclear spin there is no preferred 
direction relative for the nucleons for the nuclear 
deformation. The nuclear deformation, with charge 
distribution averaged over all direction in space, has the 
same effect as an increase in nuclear volume and large field 
isotope shifts occurs when addition of a pair of neutrons 
brings about the deformation e.g., the sudden jump of isotope 
shift, observed for 5m (N, neutron number = 90) on addition 
ISO 
of pair of neutrons to Sm (N = 88), was attributed to large 
132 
deformation in Sm C133. Now it is an established fact that 
there is sudden on-set of large nuclear deformation in 
N = 88 - 90 region and has been investigated in long isotope 
chain of stable and radioactive nuclei of rare earths oi Ce, 
Nd, Eu, Gd C2]. 
1.3 Complexity of Rare-earths Spectra and Contribution of 
Isotope Shift Studies in the Interpretation of the 
Spectra 
The spectra of rare earth atoms and ions &re very 
complex. Because of the small radii of the 4f orbital, the 4f 
electrons lie rather close together, consequently, their 
mutual Coulomb repulsions are quite large. The total energy 
range covered by the levels of 4f is therefore unusually 
large for a valence subshell - over 12 eV in most cases 
(4 < n < 10). This is shown in Fig.1.1 for configurations 4f" 
65 , which in most cases are the ground configurations of the 
neutral lanthanides. 
The «5pin-orbit parameter ^ increases much faster with Z 
than the Coulomb parameters F . Thus there is a strong 
tendency to move from LS coupling in Ce toward moderate jj 
coupling in Er. 
Ionization of neutral lanthanides atom involves removal 
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Fig. 1.1 Theoretical energy levels of configurations 4f^63 
of neutral lanthanides atoms relative to the center of 
gravity energy E . The density of levels within each 
solid block is too great for the levels to be dravm 
separately. 
8 
oi one oi the 4f electrons, but also removal o-f the 
comparatively loosely bound 6s electrons. Hence ionization 
energies are very low, about 6 eV. That is why many o-f the 
levels of ground configurations lie above the lowest 
ionization limit. Configurations having partially filled 
subshells in addition to the 4f subshell have more complicated 
level structures. If the additional unfilled subshells all 
have n > 5, then the interactions of these electrons with the 
4f electrons are small, and the level structure consists 
basically of the 4f structure, except with each level of the 
latter split into several levels as a result of additional 
small interactions [163. 
The binding energies of 4f, 5d, 6s and 6p electrons in 
neutral lanthanides differ from each other by only a couple of 
electron-Volts whereas the spread of energies within a 
configuration is 5 to 10 eV or more. Hence the tendency of 
overlapping of various configurations is very high. This 
results in the high density of energy levels , even at 
energies as low as 2.5 eV above the ground level, and the 
interpretation of experimental spectra and energy levels is 
extremely difficult. 
Configuration 4f" 6S and 4f'^  6p show J j { L + S = J , L 
+ S = J) coupling. For n > 7, 4f'^ 5d tends toward this type of 
9 
coupling because o-f the increasing value of C f- f^or all 
con-figurations of the type 4f nl (n > 6>, J is a quite good 
quantum nomber because of the small interaction of the nl 
electron with the 4f" core, the coupling may be closely J j 
(small 1) or more nearly J K (large 1). 
The very high density of the energy levels Table 1.1 not 
only makes their theoretical interpretation difficult, but 
also greatly complicates even the deduction of the energies of 
the various levels from the spectra. 
Isotope shift studies have played a Key role in the 
interpretation of complex spectra of rare earths, some of the 
recent studies during last few years arei Nd C17,18,191, Gd 
C20,21,22], Dy CIO,23], Er C24], and Yb [25,263. 
1.4 Isotope Shift Studies in Rare Earth Spectra in the 
Ultraviolet region (3300-3800) A 
Isotope shift studies in rare-earth spectra have been 
carried out in optical C27], electronic x-ray C283 and muonic 
region [29]. Most of the earlier measurements in the optical 
region were carried out using Fabry-Perot 
interferometer/spectrometer. Measurements in the infrared to 
10 
CoMllgnr.-ili**!! 
r'^  
f , f'^  
f\ r' 
[\ f" 
f\ r 
f\ r (\ r 
f 
f'sp 
fVls 
fM^s 
f'dsp 
rd'p 
No. or 
l,S terms 
1 
1 
7 
17 
47 
73 
119 
119 
160 
258 
304 
11168 
24662 
No. of 
levels 
1 
2 
13 
41 
107 
198 
295 
327 
476 
759 
893 
36262 
78822 
l.ir 
1 
0 
5/2. 
2,4 
5/2-
4 
7/2 
4 
7/2 
7/2 
7/2 
7/2 
4 
gcs( 
7/2 
9/2 
iiinlrix 
rnnk 
1 
1 
3 
7 
19 
30 
46 
50 
81 
122 
149 
4829 
Table 1.1 Numbers of LS terms and levels of some rare-earth 
configuration 
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visible r€;gion are being carried out using Fourier Trans-form 
spectroscopy C30]. 
During the last decade high resolution laser 
spectroscopic techniques like, laser induced fluorescence 
using atomic beam, two-photon spectroscopy, saturation 
spectroscopy and polarization spectroscopy using hollow 
cathode discharge have been used to accurately measure the 
isotope shifts. But most of the laser based measurements have 
been restricted to visible region and few measurements exist 
in ultraviolet region. 
The present studies of isotope shift under taken in the 
region 3300-3700 A using a Recording Fabry-Perot Spectrometer 
(REFPOS). Although not as accurate as laser technique, REFPOS 
covers the? spectral range for which neither the commercial 
Fourier Transform spectoscopy Are available nor the laser 
techniques can be easily used for high resolution studies in 
the ultraviolet region. The isotope shift studies in the 
spectra of Nd, Gd, Dy, and Yb in the region 3300-3900 A are 
very scanty and have been made earlier mostly with the 
aluminium coated Fabry-Perot etalons. The present studies 
undertaken with a pair of broad band multi layer dielectric 
coated Fabry-Perot etalon has thus provided new data in 
earlier scanty unexplored ultraviolet region, leading to new 
IS 
valuable in-formation about the high lying energy levels 
especially of the singly ionised ions of few of the 
rare-earths. New information obtained from the present studies 
BrB summarised below. 
1.5 Present Isotope Shift Studies in the Spectra of Nd , Gd, 
Bd*, Dy, Dy*, Yb and Yb* in Ult a violet Region 
In the present isotope shift studies, measurements were 
carried out in the complex spectra of neodymium, gadolinium, 
dysprosium, and ytterbium with the objective of obtaining 
information on the electronic configuration of the energy 
levels of these neutral as well as singly-ionised atoms. On 
the basis of term shift <AT) evaluated for the energy levels 
existing in literature the configuration assignments of the 
energy levels have been confirmed in most of the cases and for 
some levels the assignments have been revised. Configuration 
mixing have been pointed out on the basis of observed AT 
values. Theoretical calculations of configuration mixing in 
case of Dy has been verified experimentally using the 
'shareing rule'. Crossed-Second-Order effect has been 
investigated in case of singly-ionised neodymium and 
gadolinium. Specific mass shifts have been evaluated in some 
UV lines of Gd II, which enabled to evaluate 6<r > for all the 
13 
15Z 
stable isotopes o-f Gd including the rare Gd which has a 
natural abundance of 0.2X only. 
1.5.1 Isotope Shift in Energy Levsls o-f Singly-Ionised 
Neodymium (Nd II) 
Electronc configurations for many of the known even and 
odd levels of Nd"^  (Nd II) above 28000 cm~* are not known C30D. 
AT values which could be helpful in the configuration 
assignments are also scanty for both high lying odd and even 
energy levels. The strong transitions involving these levels 
lie mostly in the ultraviolet region and isotope shift data in 
spectral lines of Nd in this region are very scanty. In order 
to get information on the electronic structure of these high 
lying energy levels, isotope shift measurements have been 
carried out in 92 spectral lines in UV regoin. We have also 
classified fifteen lines on the basis of isotope shift 
measured by us. We have also revised the classifications of 
seven spectral lines of Nd . The data has been used to 
evaluate term isotope shifts AT (144-150) for 68 odd and 8 
even levels.. The configurationed assigned by earlier workers 
have been mostly confirmed. We have assigned 7 levels to 
predominant 4f 5d6S, one level to almost pure 4f 5d6s and 6 
levels to about 60% 4f sd6s and admixture of 4f'5d^ and 4f*6p. 
14 
4 levels have been assigned to pure 4-f 6p whereas three levels 
ars assigned to predominant 4f bp. The assignment o-f one level 
3 
is revised. We have evaluated AT for a level of 4f 6s6p 
configuration for the first time. We have also painted out 
that for some of the levels there is difference in AT values 
evaluated by us and those reported by Blaise et al C30D. 
1.5.2 Isotope Shift in Energy Levels o-f Singly-Ionised 
Ytterbium (Yb II) 
Isotope Shifts (IS) measurements in the spectral lines 
of singly - ionised ytterbium (Yb II) are rather scanty. 
Earlier Doppler—limited isotope shift measurements were 
reported in lines at 3694.19 A (Kerbs and Nelkowski C31], 
Bolovin and Striganov [32D and Chaiko t33D) and in the lines 
at 2970.56 A, 3031.11 A and 3289.37 A [333. All the four lines 
involve the ground state level of S of 4f 6s 
configuration: two lines at 3694.19 A (D line) and 3289.37 A 
(D line) belong to 4f 6p-4f 6s transitions, whereas the 
lines at 2970.56 A, 3031.11 A belong to 4f"5d6s-4f "6s 
trainsition. The values of isotope shifts for four lines of Yb 
II at 3289.37 A, 3669.69 A, 3694.19 A and 4180.9 A involving 
transition from 4f 6p to 4f 65 and 4f 75 were reported by 
Ahmad et al [343 where the ratio of isotope shifts in D and 
1 
15 
D was di«.icu55ed. 
2 
Doppler—free laser spectroscopic measurements o-f isotope 
shifts have been reported in 3289.94 A line by Brends and 
Maleki 135] and in 3694.190 A line by Pendril, Gough and 
Hannaford E36]. 
We have carreid out isotope shi-ft measurements 
172 17<5 
Aa( Yb- Yb) in 57 classified lines of Yb II in the region 
3200 - 4600 A. The Yb II lines at 3401.1010 A, 4077.276 A and 
4255.765 A have all been assigned two possible 
classifications. On the basis of isotope shift values for 
these lines, we have assigned the correct classifications for 
these lin€?s. Fawcett and Wilson [37D have the same 
classification given by us. 
We have evaluated term shift (AT) for 30 even and 19 odd 
parity levels. Term shift values have been evaluated with 
refrence to 62559.0 cm"* (J=5/2) , ^D of 4f**6d 
configuration; as this level has been assigned a percentage 
purity of 97.5 X 4f 6d. We have evaluated AT for 12 levels of 
13 
4f 6s6p; the AT values lying mostly between 168 mK and 1B2 
13 
mK. For 4f 5d6p conf igutation, it should be noted that as the 
2 3 
percentage of ( F ) ( F ) goes down (the contribution of 
7/2 3 
Z 1 
( F )( D ) increasing) the values of AT increases. 
7/2 2 
16 
It has been pointed out that the levels belonging to 
( F ) ( D ) have an average AT value o-f about 179 mK whereas 
2 1 the levels assigned to ( F ) ( D ) have an average AT value 
^ 7/2 J 
of 160 mK. This difference in AT is indicative of different 
2 2 9 
|y/(0)| values for the levels belonging to < F ) ( D ) and 
(^F ) ( D ). This shows the dependence of AT values on the 
7/2 J 
multiplicity. 
Due to relativistic effects (in high Z elemnts) on the 
p -wave function, whose small Dirac components of a radial 
1/2 
s—wave function and thus exhibit a nuclear volume effect. 
Therefore, it is expected that the isotope shifts in 
transitions D (ns ^ S - np ^P ) and D (ns ^S - ^P ) 
1 1/2 1/2 2 1/2 3/2 
will be differnt: the field shift in D line will be smaller 
1 
than in D line. Experimentally we have found that isotope 
shift in D line is larger than that in D line which is 
1 2 
contradictory to expectation. This descrepancy is explained as 
due to purturbation and slight mixing of configurations in 
V and '"P of Af^bp. 
1/2 9/2 
1.5.3 Isotope Shift in Energy Levels of Neutral Gadolinium 
and Singly lonised-Qadolinium (Gd I & 6d II) 
There are many high lying levels of Gd I which have only 
17 
tentative configuration assignments. The transitions from 
these levels lie mostly in UV region. We have investigated the 
isotope shifts of spectral lines in ultraviolet region in 
order to ve'rify the earlier assigned configurations and also 
to confirm the tentative assignments and to suggest the 
possible configuration to unassigned levels.. 
Isotope shift ha (^ '^ Gd - **^Gd) h as been measured in 70 
lines of Bd I spectrum in the range 3290 - 3950 A. Out of 
these 70 lines, 15 lines are unclassified in literature and 
the classifications of these lines have been given by us. AT 
(156 - 160) have been evaluated for the first time for 25 even 
parity levels of Gd I. Using the present isotope shift data 
and the earlier data (E38] and refrences therein). Our AT 
values confirm the assignments of 13 of these levels to 
4f 5d6s6p configuration by Blaise et al t393. 11 levels 
7 2 —1 
belong to 4f 5d 6p configuration. One level at 34951 cm was 
7 2 
tentatively assigned to 4f 5d 6p. We have revised the 
assignment for this level and suggested that this level may 
7 
have predominantly 4f 5d6s6p configuration. We have also 
confirmed that the tentative assignments of 6 levels to 
4f 5d6s is correct execpt one level at 32563 cm . We have 
revised the assignment of this level to f dsp + f d p. Three 
levels have no assignments; out of these one level is assigned 
8 7 
to f ds and two are as&igned to a mixed configuration *f dsp + 
IS 
•f^ d^ p. AT values for the seven even levels reported in 
C39,40,4i;i have been revised by us. 
Isotope shi-ft Aa(156-160) have been measured in 59 
spectral lines of singly ionised gadolinium (Bd II). There are 
many high odd levels without configuration assignments. Term 
isotope shift for these energy levels are not also known. We 
have evaluated AT(156-160) for these levels, which could be 
helpful in confifming the assignments or suggesting the 
possible assignment to unassigned energy levels. The even 
7 0 8 
levels belong to 4f 5d6p, 4f 6s and 4f 5d configurations. AT 
for 27 high even parity energy levels have been evaluated; out 
of which AT values for 5 even levels are being reported for 
the first time. Our AT values agree with those reported 
earlier iI41]. AT values have been also evaluated for 11 odd 
levels for the first time; 5 levels being still unassigned. We 
confirmed the electronic configuration of 5 levels assigned to 
4f 6p. The assignment of one level has been revised on the 
basis of our AT values. Out of 5 unassigned levels, 2 levels 
ars assigned to 4f 5d6s and three levels are assigned to 4f"6p 
configurations. 
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1.5.4 Isotop* Shift in Energy Lewis o-F Dysprosium Atom and 
Singly-Ionised Dysprosium (Dy I St Dy ID 
The spectrum of neutral dysprosium is very complex due 
to high density of the energy levels. The known energy levels 
of neutral dysprosium atom (Dy I) above 33,000 cm have no 
configuration assignments C42]. In order to evaluate 
AT(164-160) of these levels, we have measured isotope shift in 
48 spectral lines of Dy I spectrum in ultraviolet region. On 
the basis of measured isotope shift the classification of one 
line at 3798.7 A is found to be incorrect. We have evaluated 
AT (***Dy-"**Dy) for 32 even parity levels, out of which 20 
levels are unassigned. The configurations involved in present 
investigation aire 4f 5d6s6p and 4f 6s6d. The high even levels 
having AT values between (Z-8) mK and (Z+15) mK belong to 
4f 5d6s6p configuration. One level at 39035 cm" has AT value 
of (Z-70) mK and may belong to f sd configuration. Wyart C43D 
has theoretically assigned the level at 40005 cm to f dsp. 
But our observed AT value for this level (2-41) mK shows that 
this level does not belong to f dsp. So the assignment for the 
level at 40005 cm is revised. Six high even levels whose AT 
values lie between (2-8) mK and (2+15) mK have been assigned 
to f dsp. 
The known odd parity energy levels of Dy II between 
20 
32000-46000 cm have no configuration assignments at the 
present state o-f thoery C44D and it is not easy to assign 
theoretically these levels. There are 366 odd energy levels of 
Dy II and Wyart n42-J has assigned 117 of these odd levels to 
P 2 ^ Z lO 
4f 65 , 4f 5d and 4f 5d6p on the basis of parametric 
calculations carreid out taking into account the configuration 
mixing. Experimentally evaluated isotope shift (AT) of the 
energy levels are sensitive probe to check the theoretical 
composition of the mixed configurations assigned to these 
levels. Theoretical isotope shift of a level with mixed 
configuration has been darived by the application of "sharing 
rule". We have evaluated theoretical values of the term shift 
(AT) for each of the 28 odd levels of Dy II. These values 
theo 
are compared with our experimental values of term shift 
(AT) . There is good agreement AT and (AT) execpt for 
exp theo exp 
three levefls. 
We have also observed isotope shifts for some 
p p p p 
transitions of f sp - f ds and f dp - f ds types involving 
high even and low odd energy levels for which AT values have 
been not reported earlier nor could be evaluated from the 
present data. Isotope shifts observed in such transitions can 
throw some light on the percentage compositions of the 
configurations of these levels. 
21 
There are some 240 unassigned levels of Dy II between 
30000 and 42000 cm"*. We have evaluated AT -for 65 levels in 
this region and for most of the levels there is not much 
variation of AT values. This could be due to the configuration 
mixing which is bound to be predominant with such high density 
of states. On the basis of AT and also taking intensity of the 
lines into consideration, we have suggested tentative 
assignments to some of these levels. 
1.5.5 Isotope Shift in Energy Lsvels of Neutral Ytterbium 
(Yb I) 
Isotope shift Aa(172-176) have been measured in 25 
spectral lines of Yb I covering the region 3425-4361 A. One 
line has been classified by us during the present 
investigation. We have evaluated AT values for 8 even perity 
energy levels for the first time, out of the 14 even levels 
involved in the present study. These energy levels belong to 
4f**6p^, 4f**6s7d, 4f"5d6s6p, 4f"6s^6p and 4f**6s9d 
configurations. We have confirmed the earlier reported AT 
values by Ahmad et al C45D. We have also evaluated AT for six 
high odd levels for the first time. These levels belong to 
4f"5d6s^, 4f"6sl0p, 4f*'*6s9f, 4f"5d^6s, 4f**6sl2p, and 
4f 5d 6s configurations. One level at 48701 cm has no 
22 
assignment and this level has been assigned by us to 
13 2 
4f 5d 6s. 
1-5.6 Crossed-Second-Order Effect in Field Shift in **I and 
I Terms of 4f ( I)6s Configuration of Nd II and F 
and F Terms of 4f ( F)6s configuration of Gd II 
To the first order the mass shift (MS) as well as the 
field shift (FS), is constant within a pure Russel - Saunders 
(RS) term of a particular configuration. Dn this basis the 
energy levels are grouped according to their term shifts, 
which enables one to check or assign the electronic 
configurations to the energy levels. The AT values for 
different terms of a pure configuration are evaluated relative 
to a refrence level, and, when separated into MS and FS, may 
show slight difference in MS or FS for different RS terms. 
This difference has been attributed to the influence of 
second-order contributions t463. 
Crossed-second-order effects in the field shifts 
manifests in the nl ns type of configuration where the 
coupling of the 's' electron to the 1 core causes the 
splitting of the RS terms into L and L terms (M being 
the multiplicity of total angular momentum L of the parent 
23 
term resulting from the 1 electrons) [463. CSO effect leads 
to different electron charge densities at tha nucleus, 
|v<0)| , for these two terms resulting in different FS values 
for these tisrms. 
Crossed-second- order effects in the field shift of I 
4 4 5 
and I terms of 4f (1)65 configuration of singly-ionised 
neudymiuffl has been experimentally evaluated. The CSD-FS 
difference between the two terms of nl ns configuration is 
evaluated by measuring isotope shift in transitions from a 
common uppE»r level to the levels of these two terms. The 
experimental value of CSO-FS difference between the two terms, 
I and I, CA(FS)3 ' is in good agreement with the 
theoretically evaluated value. Crossed-second- order effects 
in the field shift of V and **F terms of 4f'('F)6s 
configuration of singly-ionised gadolinium has been 
experimentally evaluated. CSO-FS difference between the two 
terms of F and F, CA(FS>3 ' agree well with theoretical 
CSO 
value. 
1.5.7 Evaluation o-F Specific Mass Shift in 8d II 
As mentioned earlier the observed isotope shift consists 
of mass shift and field shift. The mass shift can be separated 
24 
into two parts, the normal mass shift <NMS) and the speci-fic 
mass shift SMS). In one-electron atomic system, the 
calculation of the mass shift is straight forward, but for 
atoms and ions having several electrons the mass shift depends 
on the total linear momenta of the electrons. In light 
elements, the observed isotope shift in spectral line can be 
easily separated into NMS and SMS, as NMS is easily calculable 
and FS is negligible. Both NMS and SMS are inversely 
2 
proportional to the square of the mass number A, i.e 1/A , but 
SMS may be still large in heavy elements for certain type of 
transitions in which the correlation between the electrons 
gets altered during transition. The evaluation of SMS involves 
a correct treatment of the correlation between the linear 
momenta of the electrons. Calculations of SMS reported in few 
specific transitions of some elements have yielded values 
which ars as yet only in qualitative agreement with the 
experimental values. Even in lihgt elements such as Li, an 
elaborate treatment yields only values which are in fair 
agreement with the experimental values. For the heavy elements 
the calculations are very difficult. Ab initio calculations of 
SMS have been reported C471 for some transitions in few 
rare-earth elements. 
Evaluation of SMS in heavy elements involves its 
separation from the FS, as the isotope shift is the sum of the 
25 
two (ncarmal mass shi-ft is easily calculable). The separation 
of SMS from FS is done by the method proposed by King C4SD 
which involves plotting of the isotope shift, in a particular 
transition (X ) for various pairs of isotopes, against the 
isotope shift in other transition (X.) for the same pair of 
isotopes. The plot results in a straight line with the slope 
giving the ratio of field shift t (FS>. / (FS) 3 and the 
intercept provides information on the specific mass shift in 
transition plotted. If the SMS in one of the transition is 
known then both SMS and FS can be evaluated for the other 
transition. The SMS has been shown, both theoretically and 
experimentally, to be negligible in the ( ns - np ) and 
(ns - nsnp) type of transitions. Whereas in some transtions, 
e.g. for the f^  - f"~ type of transitions, the SMS is 
theoretically expected to be large. Thus choosing a transition 
in which SMS is expected to be negligible simplifies the 
separation of SMS and FS. 
Isotope shifts have been measured in four transitions of 
Gd II using highly enriched stable even - A isotopes 
(including the rare Gd isotope with 0.2 7. abundance ). All 
these 4 transitions are of type 4f'5d6p - 4f'5d6s as the SMS 
was expected to be negligible in the transition. A value of 
fi<r > ' = 0.423 fm has been evaluated using the isotope 
shift data in 3813.97 A line and taking specific mass shift 
26 
~ 0 in this line. This value is very close to the value of 
0.416 fm reported recently using laser spectroscopic 
technique and caliberation with electronic x-ray as well as 
muonic x-ray values CAD. Ther-fore taking SMS to be "*• O in the 
transtion at 3813.97 A SMS and FS were separated via King plot 
in the other three transitions presently studied. 
1.5.B Change in Mean Square Charge Radii 6<r > in Stable 
6d Isotopes 
As mentioned earlier, isotope shi-ft in heavier elements 
is a composition of mass and field shift. The field shift 
contains the information about the nucleus as it arises due to 
the difference in nuclear potential of the isotopes causing 
differences in the electrostatic interaction between the 
electrons and the nuclear charge distribution. Thus 
information on nuclear charge distribution can be extracted 
from the measured isotope shift by separating SMS and FS via 
the King plot, as mentioned earlier. The FS values is then 
used to evaluate the nuclear mean square charge radii 6<r^> 
from the field shift. 
Isotope shifts involving all the stable even-A isotopes 
of gadolinium have been studied in four UV transitions of Gd 
27 
II using optical techniques and highly enriched isotopes. In 
the present studies, the changes in the mean - square 
nuclear charge radii (5<r > of all even isotopes of 
*Gd (A = 152, 154, 156, 158, 160) have been evaluated, using 
semi - empirical approach and without restoring to the 
calibration with the muonic X ray value as reported in C43. 
28 
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CHAPTER II 
BRIEF THEORY OF ISOTOPE SHIFT 
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2.1 Intrcidijction 
The energy levels of two different isotopes of a given 
element have slightly different values, this difference 
observable; in an atomic spectral line (usually under high 
resolution) is termed "isotope shift". 
Isotope shift between two isotopes A and A in a 
spectral line of frequency v is given by 
Qv*"*"' = v*^ - V*"' <1) 
IS 
The energy of the transition is different for two 
isotopes which differe only in nuclear mass but having the 
same nuclear and electronic charge. If two isotopes are 
labelled H for heavy and L for light 
E - E = hv and E - E = hv 
H H H L L L 
and the d i f f e r e n c e 
\\v - \\v - h(5v 
H L. 
i s the isotope s h i f t ( IS ) 
J II » II 
IS = ( E - E ) - ( E - E ) (2) 
H H L L 
Isotope shift in atomic spectral line can be either as 
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a consequence of differences in the nuclear masses of the 
isotopes A and A , or on account of the difference in the 
nuclear charge distribution of the two isotopes A and A . The 
former is known as the mass effect and the latter as the 
field effect CID, which are described in the following 
sections. 
2.2 Mass Effect 
Each atomic level is described by an eigenfunction with 
eigen value of angular momentum and energy. The angular 
momentum of an energy level has a definite fixed value for 
all isotopes, so if the mass of the atomic nucleus is 
changed, the energy of the level will have to change so that 
the angular momentum can remain the same. This change in the 
energy eigen value of a level due to change in the mass of 
the nucleus is generally known as the mass shift (also 
referred as Bohr shift or the reduced mass effect). 
The Hamiltonian H of an one-electron atom with 
o 
infinite nuclear mass, that is, considering the nucleus to be 
stationary, is given C21 as 
H = I ^ 7^ + V(r) (3) 
o 2in« 
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where m is the mass of the electron, V(r) includes the 
Coulumb interaction between the electron and the nucleus 
(neglecting the spin dependence and relativistic e-f-fect) . 
Solving the BchrOdinger equation 
H* = E* (4) 
with H in (3), the energy eigen values for the simplest atom 
o 
can be given as 
E = - R -2 (5) 
00 n 
where Z is the nuclear charge and n is the principle quantum 
m e 
number, the Rydberg constant R = —r^— includes only the 
00 Zn 
mass o-f the electron, the suffix oo indicating the 
finiteness of the nuclear mass which has to be considerd for 
evaluating the energy eigen values. By taking into account 
the motion of the nucleus about the common centre of the 
gravity of the nucleus and the electron, we have 
V l S ^ -^  -5M" ""'^^ ^^> 
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where P is the momentum of the nucleus, M is mass of the 
n 
m M 
nucleus. Now reduced mass (i is defined as |i = 
m •«• M 
e n 
equation (6) can be writen as 
H = ^ 7^ + V(r) (7) 
o 2(1 
Solving the SchrOdinger equation with the Hamiltonian as in 
eq (7), the. energy eigen values are 
E = - R r "r M 1 ~ 2 - (8> 
r> 00^  m + M J n 
This difference in energy due to reduced mass correction is 
known as normal mass shift (NMS)»The NMS in a transition u 
T 
between isotopes of mass A and A is 
^^ = V ^ x x ^ X 5.49 xlO * cm * <9) 
NMS AA-
where v is in cm" . For example, in the Balmer a line 
the shift between H and H is 22»4 cm *, or 671 GHr, or 
1.79 A [33. 
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2.3 Specific Mass Shift 
In many electron-spectra the electron momenta may be 
correlated. This correlation is determined not just by the 
energy o-f the level concerned but also by the specific 
properties of that level. So this extra mass shift is called 
the 'specific mass shift' (SMS). It is usually small, 
compared with the normal mass shift of a level, and can be 
treated as a perturbation. The total kinetic energy of N 
electrons .and nucleus of mass M is C4I1 
? 2 
e n 
where p. and P are the momentum of the electron and nucleus 
respectivly. Relative to the centre of mass of the atoms, 
P = - p , as the total momenta is zero. 
i 
P^ ^ Z(Pi )'' 
/ 2iB ^k = ; 5r " - ^ M — <i i> 
n 
i 
2 2 
P P 
2me 2M -„ ^  -M- [ J, P. P, ] 
2 
P 
V 2M " T [ cf, -i", ] 
<12) 
(13) 
The Hamiltonian for the multi-electron atom can be 
rewritten as 
38 
.2 .2 
H = - -^ Z V^ - - ^ 5 7 .7 + V(r) (14) 
Thus in a multi- electron atom, there is an additional 
'coupling effect' of the momentum correlation terms in <7), 
which produces different shifts for different energy levels. 
The first order perturbation energy is given by 
A W = — ^ \ r V'* ^ ^^  ^  V dT (15) 
The correction due to specific mass shift is given as ZAl 
AA' A-A' 6v = S — " " (16) SMS AA 
in equation (6). The correction to the energy eigen values 
due to the mass effect as a whole, is obtained and given by 
«C = ^ - ^ * ^ - ^ <i^' 
N being tht; parameter due to the normal mass effect and S due 
to specific mass effect 
The f4MS is always positive, as N is always greater than 
zero. The specific mass shift originates from the influence 
of correlations in the motion of the recoil energy of the 
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nucleus, thus the factor S can be either positive or negative 
depending on the correlations between all the electrons in 
the atom. 
Both NMS and SMS are inversely proportional to the 
z 
square of the mass number A i.e, 1/A , yet appreciable SMS is 
observed in the heavy elements. For light elements (Z < 30) 
the observed IS can be practically considered to be the sum 
of NMS and SMS E53. Therefore, for these elements the 
specific mass shift can be easily deduced from the observed 
isotope shift. 
2.4 Field Shift due to Extended Nuclear CharQe Distribution 
The nuclear volume effect becomes significant in heavy 
elements starting from around molybdenum <A = 98) and going 
right upto the end of the periodic table. 
So far in our discussion, the nucleus has been treated 
as a point charge; whereas the nucleus actually occupies a 
finite volume over which the positive charge is distributed 
and it is possible for the electron to move inside this 
charge. The interaction of the electrons with the modified 
nuclear pontetial results in what is known as the field shift 
40 
(FS) . Field shi-ft arises due to the change of the -finite size 
and angular shape oi the nuclear charge distribution when the 
neutrons are added to the nucleus, consequently the binding 
energy of the electrons which penetrates the nucleus differ 
for different isotopes. 
When the nucleus is considered to have an extended 
charge distribution, with charge density p (r) and if p (r) 
n e 
i s t h e e x t e r n a l cha rge d e n s i t y due t o t h e changes i n t h e 
a t o m i c sys tem, t h e e l e c t r o s t t i c i n t e r a c t i o n ene rgy i s g i v e n 
by £63 
p ( r ) p ( r M 
(18) n
p \ r / p \ r / 
The field shift Gv between the two isotopes A and A' during 
FS r- -a 
an electronic transition between two levels e and e is 
1 2 
given by 
_ zrr . . , 1 r p (r> p (r ' ) 6i^  = -e dr dr -, j-p x '^ A e^i FS JJ I r -r' I L 
p (r) p (r') + p , ir) p (r') + p, (r) p (rMl 
•^ A e2 "A "eZ "A e J 
(19) 
where p and p is the nuclear charge distribution of the two 
'^ A A- ^ 
isotopes A and A'. Usually a spherical nucleus is assumed 
which changes the denominator from j r - r'j to r, which 
means the larger of the two values | r | and | r'j during the 
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integration. The electron density within the nucleus is 
expressed as a 
p = a + a r^+ a r* + (20) 
e o E 4 
Expanding the denominator in terms of spherical harmonics 
with |rj > |r'I we have 
00 I 
I - -1 - " ) } ^ -^ c-f.A: (r).Y (r') 
l=o m=l ^21) 
For illustration, consider only the first integral 
= -e JJ dr dr | ^ _^, | ^ A (22) 
of e q u a t i o n (19) and s u b s t i t u t i n g e q u a t i o n s (20) and (21) 
i n t h i s we ge 
2 l T 2 2 . A n _ Z , 4 . A , 2 n _ 2 , <5.A , „ - , . 
= ^ Ze a <r / + = Ze a <r > + ; ^ Ze a <r > + . . (23) 
o O D 2 2 1 4 
I f t h e d i f f e r e n c e of t h e f o u r i n t e g r a l s i n e q . (19) i s 
t a k e n we have t h e e x p r e s s i o n f o r t h e f i e l d s h i f t 
A A ' o r , _ 
6v^ = ±5 Ze^ [ Aa 6 < r ^ * ^ "^  ^ Aa a < r S ^ * + 
FS ^ '• o 1 0 2 
i Aa^6 <r** > **'+ . . . ] (24) 
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w ith Aa as the di-f-ference of the electronic densities in the 
o 
two conf ic(urations at r = o, usually written as AJv^Co)! and 
6<r">** the difference of the expectation values of r" over 
the nuclear charge distribution of the two nuclei i.e, 
fi<r'"'>**' = r p^<r> r" dT - f P^,<r> r"" dr (25) 
Eq (23) can be re-written as 
(3V** 2n , 2. r » , 2.AA' . 3 2 _.^4.AA-
o 
1 ^^ 1 
+ i —-* i5<r'*>'**' + (26) 7 Aa I 
o -" 
= — Ze^A | v ( o ) | ^ ( \ *^ ) (27) 
= F \ * * ' (28) 
. . A A ' „ , 2 . A A ' , CZ _^ 4 , A A ' Lt3 ^ , <J, AA' < r-inv 
where \ = fi<.r ) + = - fi<r ) + = - fi<r ) + . . . (29) Ci Ci 
where Aa /Aa and Aa /Aa values are expressed as the 
2 o 4 o 
coefficients C /C and C /C respectively. As the S-wave 
2 1 3 1 ^ ' 
function of the electron at the nucleus is largely 
independent of the principle quantum number, the relative 
contributions of the different moments to the FS are nearly 
equal for K x-ray and optical transitions, therefore these 
ratios C /C can be obtained from the C values given for the 
K x-ray shift by Seltzer C7]. 
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The - f i e l d s h i - f t depends on t h e e l e c t r o n i c - fac to r F and 
i. 
the nuclear -factor K and thus it can he used to obtain 
in-formation concerning electronic con-figuration o-f the energy 
levies involved in the transition and also determine the 
changes in the nuclear charge distribution between isotopeS^. 
FS is mostly predominant in heavier elements (A > 100). FS 
can be observed only in transitions with A|y(o)| ?* 0. These 
comprise not only the transitions with an s-electron jump 
(or to a small extent with a p -electron jump) but also 
transitions in which the screening of the inner closed 
s-electron is changed. 
2.5 Screening parameters of Charge Density of B-alectrons 
The size of the field shift in a transition is 
proportional to the change in the total electron density at 
the nucleus. To a first apporximation, this change is the 
change in the density at the nucleus of transition electron. 
In addition the density of the other electrons may change 
because of the change in the transition electron. Thus in 
heavy elements appreaciable isotope shifts in a spectral line 
are to be expected only if the number of s or p electrons 
differs in two configurations involved in the transition. For 
2 2 
example the FS in dp - d s transition is much less than that 
44 
in dp-ds, because the additional ^d' electron screens the 's' 
electron much more from the nucleus, thereby reducing the 
charge density of the 's' electron at the nucleus. The FS in 
z z 
s -d transition is not as large as in the transition of the 
type s-d as in the former the two 's' electrons screen each 
other thereby reducing the total effective electron charge 
density at the nucleus. Blaise and Steudal C8D have extended 
this analogy to the 5f series. They have also pointed out 
that, because of the screening of the closed 's' electron, 
the FS in a transition nf to (n+l)dnf is of the same 
order of magnitude as the field shift of an alkali like 's' 
electron in nf(n+2)s (n = 4,5). This screening effect can 
be incarporated in the FS expression as the screening 
factor p El]. 
3 Z 
I.e. 6v = {i A lif/ ia) I x ( \ ) (30) 
FS Z ' 1^ • 
Aly/(D) 1^ ,, , . . = P A|v<o) 1^ 
' •<<xlL electrons considered) ' ' <of s-electrons) 
If Me omit the small cotribution of an np electron 
for which the charge density can be calculated as a 
fractional part of lv(o)| we can write for the total 
change of jy/Co) | in a (core + ns) - (core + np) transition 
as C9D 
45 
I •na-np ' 'core ' ' no ' 'core' ' 'np 
~ P |v/(a) 1^  (31) 
\w(a) I + |uy(o) I -|v(o) I 
... „ -v. "core ' fts ' <! With P 
Z 
or«' 
k«°Ml 
The screening -factor f3 takes into account the change in 
the screening o-f the inner closed-shell electrons from the 
nuclear charge by the valence electron as it changes -from ns 
to np. These screening -factors theoratical ly are taken -from 
non-rel atii vistic Hartree-Fock CIO]. On the basis o-f 
experimental observatoins, certain emperical relations have 
been established +or the screening e-ffect of s, p, d and -f 
electron on the charge density of the 's' electron at the 
nucleus. The extent to which other valance electrons screen 
the ns electron compared to a lone ns electron is obtained by 
the experimentally observed ratios of several pairs of 
configurations. 
AT(ns^) 
AT(ns) 1.6 (32) 
AT(n5 np) _ (33) 
AT(ns) ~ ^-^ 
AT(ns (n-l)d) _ (34) 
AT(ns) 0,8 
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AT(ns (n+Ds) _ (35) 
AT(nB) ~ ^• ^ ^ 
The theoretical calculations of the screening factor p 
obtained by Hartree-Fock method agree well with the 
experimental deductions CIO, 111. Based on these screening 
ratios, the isotope shift value of any configuration can be 
appoximately predicted if AT of a particular configuration is 
known. Furthermore the screening factors Ars of great value 
in understanding the observed isotope shifts in complex 
spectra with configuration mixing. 
2.6 Isotope Shift and Electronic Configuration Mixing 
In the absence of an external field, configurations can 
interact if they have have same parity. Within two such 
configurations, only levels of the same J can interact with 
one another. In complex spectra e.g., that of rare-earths, 
there Are several valence electrons and many excited states 
have comparable energies, thus probability of configuration 
mixing is very large. 
Energy level, therefore, can not be uniquely described 
by a single well defined wavefunction, due to configutation 
47 
mixing. In such cases, the isotope shi-ft in a particular 
transition is a sensitive parameter to verify the 
con-figuration mixing. The IS o-f a level with mixed 
configuration has been derived by the application of the 
"sharing rule". According to this rule, for a state whose 
wavefunction * results from mixing of n configurations, the 
i=.otope shift AT of the individual configurations is 
i 
multiplied by the weight C of the configurations in * 
n 
AT = Z C^ AT (36) 
t = 1 i. i 
where Z C = 1 
t i. 
The approximate validity of this rule was guessed by Jones 
C12], and Brix and Linderberger C13D (see our discussions on 
configuration mixing in Dy II energy levels under chapter 9). 
2.7 Crossed - Second - Order Effect in Field Shift 
To the first, order the mass shift (MS) as well as the 
field shift (FS) is a constant within a pure Russel -
Saunders (RS) term of a particular configuration. This is the 
basis for grouping the energy levels according to their term 
shift AT, which enables one to check or assign the electronic 
configurations to the energy levels. The AT values for 
4S 
different terms o-f a pure con-figuration, are evaluated 
relative to a re-frence level and then separated into MS and 
FS. There may be slight di-f-ference in MS or FS for different 
RS terms of a particular configuration. This difference has 
been attributed to the influence of second-order 
contributions C14D to the isotope shift of a particular 
1evel. 
Crossed'second-order effects in the field shifts mainly 
manifests in the nl ns type of configuration where the 
coupling of the 's' electron to the 1 core causes the 
M-t-l M — 1 
splitting of the RS terms into L and L terms (M being 
the multiplicity of total angular momentum L of the parent 
term resulting from the 1 electrons) E143. CSO effect leads 
to different electron charge densities for these two terms 
resulting in different FS values for these terms. 
CSD contributions of the FS operator F and the 
Electostatic operator B to the total IS of a 
monoconfiguration state described by the wave function y/ can 
o 
be written as CSD 
E 
CSO 
X E - E 
O X 
4n 
where Eo and E a r e t h e z e r o t h - o r d e r e n e r g i e s o-f t h e 
X 
c o n f i g u r a t i D n s C and C c o n t a i n i n g t h e s t a t e s v* a " ^ yj 
o x o x 
r e s p e c t i v e l y . The summation e x t e n d s over a l l t h e s t a t e s y/ o-f 
a l l t h e c o n f i g u r a t i o n s C w i t h s u f f i c i e n t l y l a r g e ene rgy 
X 
difference E - E in order to enable a rapid convergence of 
O X 
the purturbation expression. 
2.8 RelAtivistic Effects.in J- dependence of Isotope Shift 
The isotope shifts in heavy elements, due to nuclear 
volume effect, is mainly for levels involving s-electrons 
which havE> appreciable charge density at the nucleus. Due to 
relativstic effect (in high Z elments) there is contribution 
from p £?lectron: therefore it is expected that isotope 
1/2 
2 2 
shifts in transitions D (ns B - np P ) and D 
1 1/2 1/2 2 
2 2 (ns S -np P ) will be different. The different can be 
l/Z 9/2 
attributed to a relativstic effect on the p wave 
1/2 
functions, whose small dirac component has the character of 
radial s-wavefunction, and this exhibit a nuclear volume 
effect.Fradkin C151 and lonescu-Pallas E16D used hydrogenic 
wave functions to estimate this effect and obtained 
a == (a^Z^) /{:i+ (1- a^Z^)'^^>^ (38) 
H 
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where a is (the ratio of FS in the two transitions of 
interest) expressed in percentage. Wendt et al C17D has used 
this wave function to estimate the J-dependance of the IS in 
the 6s - 6p doublet of Ba II. Experimentally they observed 
that the FS of the transition 65 ''s - 6p ^P is 2.5(3)7. 
Z Z 
s m a l l e r t h a n t h a t o f t r a n s i t i o n 6 B S —6p P 
1 / 2 1 / 2 
Theoretically estimating this effect using hydrogenic wave 
function they found that there is an over estimate of the 
effect by almost a factor of 2. This discrepancy is due to 
the omission of the effects of the screening of the core 
2 2 e l e c t r o n s on t h e S and P wave f u n c t i o n s . Thus 1 / 2 1 /2 
transitions involving P and P electrons from a common 
1/2 3/2 
upper level would show a slihgt difference in the FS due to 
this relativistic effect. 
By using the relativistic Dirac-Fock formalism the FS 
J-dependance in the transition of Yb has been reported by 
Torbhom et al C6D. IS studies in Yb has been carried out to 
verify these theoretical calculations relativistic effects 
(see chapter 5) . 
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2.9 Isotope Shifts and Evaluation of Nuclaar Paramster 
2.9.1. Isotope Shift and Changes in Nuclear Charge Radii 
Isotope Shift studies is the source of information 
regarding sizes and shape of nuclear charge distribution 
CIS,193. The variation of nuclear mean square charge radii, 
(3<r^ > within the sequence of isotope, mainly reflects the 
changes in the collective property of these nuclei as a 
function of neutron numbers L(1B,20 and references there 
in)!. It was the observation of sudden jump in isotope 
shifts in spectral lines of rare-earths which led to the 
concept of static deformation for nuclei having 1=0 and 
provided the basis for the development of the collective 
model of the nuclei. On the basis of scatteing studies C21], 
there are several expressions for charge distributions. To 
study the nuclear charge distribution, we concentrate on the 
moments of distribution rather than a single functional form. 
The different moments of distribution are given by 
<r"> = J p{r) r" dV (39) 
The second moment of charge distribution is important for IS 
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studies C22] and it is given by 
> = J p(r) r d r (40) 
2 
The direct determination of the total <r > of a 
nucleus -froni a given electronic term is very difficult, as 
the finite nuclear size affects the electronic spectra. 
Thus for the various isotopes, the intraction of nuclear 
charge distribution with the electronic charge density at the 
nucleus is different. The difference in interaction energy 
for two isotopes A and A' gives the field shift in a 
transition 
(3v**'= (iTa^/Z)A!v<o) 1^  f(Z) i3<r^ >*^ ' (41) 
FS o I'^  I 
FS can be factorised into two parts, nuclear and elctronic 
part. By keeping electronic factor constant (measuring IS in 
a particular transition in a long chain of isotopes), we get 
information on the variation of the mean square charge radii 
2.9.2 Rel(aitivistic Corrections and Evaluation of -f Factor 
The relativistic correction is obtained by 
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-factorisation of change o-f electron charge density at the 
nucleus A | V ( D ) | into the product of the difference of the 
total non- relativistic charge density for a point nucleus 
and f (2), where function f(Z) accounts for the relativistic 
correction to E for a particular type of nuclear charge 
i 
distribution i.e. 
ry, XX 
F = - —^ Z e ^ A | * ( 0 ) | ^ = (iTa^/Z)A|v/<o> 1^ f ( Z ) (42) 
= E f ( 2 ) (43) 
where E , :is the electronic factor in transition i, f (Z) 
increases with Z. 
For a finite nucleus size, the function f(Z) contains 
the details of dirac small large radial function. f(Z) is 
derived from the isotope shift constant C , which is 
unif 
given as 
C = 6v / E; (44) 
unv-f untf ^ 
Blundell et al [233 have given the expression for C for 
unif 
t h e isotope? p a i r 
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C ^*' = (A—A) C '*"'*"*+ p(2) 
uni.f untf 
[ [ A'^y^^ - A^^ ^^  ] - (A' - A) [ (A+1 j Z y / S ^ 2 y / 3 
(45) 
where ^^  = (1-z a. ) , a is fine structure constant. 
Zimmermann E24] has given improved expressions which include 
the contribution to the higher order radial moments of the 
nuclear charge distribution at least within IX of C 
unlf 
Hence the expression fof f(Z) is given as 
F(Z) = C / \ (46) 
unlf untf 
^AA = "C C /C .6 <r^ '^ > ^''' (47) 
X \ n 1 
r- _ _\ 
F(Z) == C / ) C /C . 2n/n+3. R "^^  A ^^^^^^ (A'-A) 
unvf Z. " *• ° 
(48) 
where A = (A+A)/2. These relations form the basis of 
semi-emperical evaluation of \** . Babushkin 1253 and 
Zimmermann C26D have given an expression for f(Z) but their 
expressions are differ from eq.(48), as the former 
calculatoins are made with the assumption that X ss fi<r^>. 
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As the s-wavefunction at the nucleus is largely 
independent of the principal quantum number, the relative 
contribution o-f different moments to the field shift are 
nearly equal for K x-ray and optical transtion. therefore, 
the ratios C /C can be obtained from C values given for K 
X-ray shifts by Seltzer L71. 
After evaluating F factor, the nuclear parameter can be 
obtained. 
2.9.3 Changes in the Mean Square Charge Radii and Nuclear 
De'formation 
The field effect of isotope shift measures the change 
of mean square charge distribution. So it is mainly governed 
by nuclear properties. According to nuclear model with 
saturated short range binding, nuclear volume is proportional 
to the mass number and hence <r > is proportionate to A , 
In case of rare-earths 6<r > is not a smooth function of A 
CIB] (described in section 2.9.1). Thus the change in <r^> 
between isotopes, 6<r > can arise from changes in nuclear 
shape as well as in nuclear volume. This shape dependence 
has a strong and sometimes even abrupt A-dependence as a 
consequence of sudden transition from spherical to strongly 
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de-formed nuclear shape. 
The surface of an aKially symmetric de-formed and 
uniformly charge nucleus can be obtained from a spherical one 
by the following transformation C27]. 
R - R n ( l + Z n YC©) (49) 
d o t 
where parameters p are measure of multipole deformations of 
i, 
order i, n is the normalization factor of H . The mean square 
radius of a spheriod which has the same volume as a sphere 
with <r > is given as 
<r^> = <r^> [ l-^  5/4IT ] Z <S^ > (50) 
<P > repre?sents an average deformation parameter arising 
from either zero-point vibration or static deformation with 
2 
<P > = p ,. The contribution due to quadrupole deformation 
I t 
parameter p , which is usually the predominant nuclaer 
deformation, is expressed as 
AA' AA' AA' 
i3 <r > = <3<r^ >^  + 5/4fT <r^>^ <5<p/> (51) 
The evaluation of p from observed (5<r^ > has been discussed 
[283, where as the influence on 6<r^> of higher order 
57 
deformations like octupole {i hexadecapol e (jl ) has been 
treated by Ahmad et al [293. 
5S 
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CHAPTER I I I 
EXPERIMENTAL 
G l 
3.1 Introduction 
Investigation o-f isotope shi-ft and hyper-fine structure 
in atomic spectral lines require high resolution instruments 
(resolving power nearly 10 ) as the shi-fts and splittings are 
usually small o-f the order o-f tens of mi H i Kayser 
(1 mK = 10 ^ cm~* ). Till early fi-fties the measurements of 
isotope shifts were carried out using large grating 
spectrographs or Fabry-Perot interferometer CI]. In some 
specialised laboratories the technique of Fourier—Transform 
spectrometer were also utilised for isotope shift 
measurements. Measurements of isotope shift in the infrared to 
visible region are being carried out using Fourier Transform 
spectrometer, e. g. C21. Fourier—Transform spectrometer for 
the ultraviolet region have become available only now. 
During the last decade, high resolution spectroscopy 
techniques, like laser induced fluorescence using atomic beam, 
two-photon spectroscopy, saturation spectroscopy and 
polarization spectroscopy using hollow cathode discharges have 
been used to accurately measure the isotope shifts. But most 
of the laser based measurements have been restricted to the 
visible region of the spectrum. For the ultraviolet (UV) 
region, laser light obtained by second harmonic-generation 
have been utilised and isotope shift studies have been made 
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only in few chosen transitions of intrest. Therefore, only few 
measuremEmts of isotope shift exist in the ultraviolet region 
and isotope shift studies in *^rare-earths' spectra, in the UV 
region, are therefore very scanty. 
A Recording Fabry-Perot spectrometer (REFPOS), with 
etalons having surface accuracy of \/100 and a broad band 
multilayer dielectric coating for ultraviolet region, can be 
successfully used for studies in UV range, covering a wide 
spectral range. In this case, however, the accuracy is 
inferior to laser techniques.The accuracy of measurements with 
laser techniques being of the order of one to few MHz. RFEPOS 
can provide, at best, an accuracy of measurement to 1 mK (30 
MHz) in SF)ecially favourable cases, and an accurecy of about 3 
mK (90 MHz) in general. For example, the experimental value of 
isotope shift in 5749.92 A line determined on REFPOS using 
enriched isotopes was found by Ahmad et al C31 as ACT (*^ Y^b 
- ^^ '^Vb) = 84.0 mK (2517.5 MHz), and the value measured by 
Doppler-free laser technique by Behrens and Guthohrlein [43 
was found to deviate only by 3.6 MHz. 
3.2 The Recording Fabry-Perot spectrometer 
The development of the Fabry-Perot spectrometer is 
C3 
mainly due to the researches of Jacquinot and his School [53, 
which demonstrated the most advantegeous way o-f conjugating 
the Fabry-Perot etalon with monochromator and a photoelectic 
detector, the use of central fringe with the consequent large 
gain in intensity and the availability of very large 
dispersion. REFPOS has thus proved to be an instrument 
ideally suited for investigating the structure of individual 
spectral lines at a very high resolution. 
The REFPOB is built in Bhabha Atomic Research Centre 
t6D. The experimental set-up shown schematically in Fig 3.1, 
consists of: 
(a) The source assembly 
<b) The recording monochromator 
(c) The Fabry-Perot interferometer assembly 
(d) The associated electonic for recording the spectrum 
(a) The source assembly 
The source assembly consists of a linear array of hollow 
cathodes of the Schuler [7] type satisfying the requirements 
with regard to low temperature of radiating gas, also 
minimising line broadening mechanisms, due to Stark and 
Doppler effect. Fig.3.2 shows schematically the hollow 
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discharge tube. The possitive column is completely suppressed 
by bringing the anode close to the cathode The negative glow 
in the cathode space yields an intense excitation of atoms of 
the carrier gas as well as o-f atoms or ions -formed by ion 
bombardm€?nt of the specimen material covering the base and 
sides of the hollow cathode crucible. Cooling by liquid air 
and using small discharge currents, the temperature of 
cathodes space is brought down sufficiently low so that the 
Doppler width of the emission lines are reduced to the order 
of 25 mK. 
The hollow cathodes have been placed linearly so that 
the two of them could be excited simulteneously and one at a 
time could be brought in front of the monochromator by 
suitable optical arrangements. A prism-lens combination, which 
slides over the rail, enables one to select light from any of 
the hollow cathodes and reflect a colli mated beam on to the 
entrance slit of the grating monochromator. This helps in 
conducting the "source exchange" technique which enables to 
measure isotope shift "^  10 mK which is 2.5 times smaller than 
the spectral line width under normmal operating conditions. 
(b> The recording monochromator 
The Z-meter recording monochromator consists of a plane 
6B 
^ 
c 111 / ; I O 
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T GLASS PLATE 
U.; < / . r i 
J 11 tii 
B-29C0NE 
^3" 
COPPER CATHODE 
Fig. 3.2 Demountable hol low cathode 
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re-flection grating, a concave mirror, and entrance and exit 
slits arranged in Littrow type of mounting. Detailed 
specification of various components are as -follows: 
(a) Concave mirror Focal length 2000 mm 
Diameter 250 mm 
Surface Accuracy X/100 
(b) Plain reflection grating 
(Bausch and Lomb) No. of lines/mm 600 
Ruled area 206 x 128 mm 
Blaze wavelength 
(first order) 1.6 \i 
The scanning of the grating spectrum is achieved by a 
continuQuiworm and gear attached to grating mount and driven 
by a DC motor. The rate, can be vareid from 1 A / min to 
64 A / min. A diversion mirror before the Fabry-Perot 
interferometer has been introduced just at the exit slit of 
the monochromator to divert the light beam at right angle to 
a photomultiplier (EMI 6256 S). This mirror can be moved out 
of the main optical path of the PMT (Fig. 3.1) when the 
recording of the spectrum with high resolving power 
Fabry-Perot interferometer is to be performed. 
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(c) The Fabry-Perot ABsembly 
This consists of a Fabry-Perot etalon assembly in an 
air-tight chamber, the lens L which collimates the beam 
coming out of the exit slit of the monochromator, the lens L 
which focuses the parallel beam coming through the 
interferometer on the circular aperture (iris) and the leak 
system which controls the pressure in the chamber in which the 
interferometer is enclosed. 
The Fabry-Perot interferometer consists of 60 mm 
diameter IS mm thick fused quartz plates. One surface of each 
plate has surface accuracy of \/100. These are coated with 
alternate \/4 thick layers of the dielectric zinc sulphide and 
cryolite giving reflectivity of 977. or more with negligible 
absorption. All the isotope shift studies in this work were 
carried out using three pairs of plates having dielectric 
coatings for maximum reflectivity at \=3600 A, 4500 A and 5000 
A. The interferometer plates are placed in a housing and ars 
separated by invar spacers of different thickness. The 
temperature around the chamber housing the Fabry-Perot 
interferometer is kept constant to ±0.2 °C. 
Scanning of the fringes of the interferometer (FPI) is 
achieved by controlled pressure tunning in the chamber 
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housing the FPI. Nitrogen gas at high pressure is allowed to 
•flow through a narrow capillary tappered at both 
ends. Supersonic flow through the tappered orifice gives 
a linear change of pressure with time. This gives the linear 
change of the refractive index and therefore the wavelength X 
to the first order, is directly proportional to the 
refractive index changes linearly and the scanning of the 
wavelength is achieved. The centr«al fringe of the FPI is 
focussed on the scanning aperture which controls the 
luminosity and resolution. 
(d) The associated electronics 
The optical signal is detected by two photomultipliers, 
EMI 6256 A and 6256 B. Both the PMT's have S13 response and 
is sensitive between 1650-6700 A. The signal is amplified by 
an electrometer amplifier EA812 and is then fed to a two pen 
strip chart recorder. All the relavent electonic equipments 
are shown in the Fig 3.1. 
3.3 Ex per 11 mental Technique 
Isotope shift studies of Nd*, Gd, Gd*, Dy, Dy* Yb and 
Yb were carried out using enriched isotopic samples. The 
7n 
enrichment of the isotopes varied between 957. to 9B"/.. In most 
o-f the studies the isotopic mixture of the two isotopes (not 
exceeding) 10 mg) was taken in the ratio of 0.7; 1, in order to 
determine the sign of the shift. The isotopic mixture was 
coated on the wall of a Cu crucible and was introduced into 
the hollow cathode. Neon was used as the carrier gas at a 
pressure of 2.5 mm Hg and Argon at 1.5 mm of Hg for exciting 
the rare-earth spectrum. 
Initially the grating spectrum of the particular 
rare-earth was recorded in the region of interest and the 
transitions were identified. Grating spectrum of natural 
ytterbium (Yb 0 ) with Ar in UV region is shown in Fig. 3.3. 
The transition of interest were then recorded with Fabry-Perot 
spectrometer. Most of the lines were recorded with a single 
isotope of the element to ascertain whether there was any 
close by line appearing along with the transition of interest. 
To doubly check the isotope shift measurement all the 
transitions were recorded with atleast two Fabry-Perot spacers 
of 10 mm and 12 mm. Isotope shift in the lines of Yb II, X = 
3289.37 A and BD II, \ = 3850.69 A are recorded with 12 mm and 
10 mm spacers Are shown in Fig. 3.. 4 and Fig. 3.5 respectively. 
Large isotope shift were recorded using the mixture technique 
mentioned earlier. "Source Exchange" technique wherein the two 
enriched isotopes are taken in separate hollow cathodes and 
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Fig. 3.4 Isotope shift in a line of Yb II, \ = 3289.37 A 
Ao = 415.7 mK. I = 32 inA. Ao(172-176) = -74.2 mK 
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'^1^  3.5 Isotope shift in a line of Gd II, \ = 3850.69 A, 
Aa=501 mK, I = 32 mA, Aa(156-160) = -106.5 mK 
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the spectrum is recorded by aternatively moving hollow cathode 
into the optical path was used to measure small isotope shifts 
(IS < 20 iTiK, 1 mK = 0.001 cm ) and also when two close lying 
lines -fell within the free spctral range (FSR) of the 
Fabry-Perot etalon. 
The accuracy of isotope shift values reported here are 
generally of the order of ± 3mK 
"^  r-
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CHAPTER IV 
ISOTOPE SHIFT STUDIES IN SOME OF THE HIGH LYING 
ODD PARITY LEVELS OF SINGLY-IONISED NEODYMIUM (Nd II) 
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4.1 Introduction 
The -first precise measurement o-f the neodymium spectrum 
was carried by King CI 3. On the basis of emission spectrum 
taken in a -furnace, he categorised the lines into a number o-f 
"temperatture classes". These lines were emperically found to 
bear a relation to the spectra Nd I, Nd II etc. Nd II lines 
belong to temperature classes with III E, IV E and V E . The 
analysis of Nd II spectrum started earlier than that of Nd I. 
Albertson et al [21 could classify 367 lines of Nd II and 
4 tf 4 
identified the fundamental multiplets of 4f 6s, I and I, 20 
levels of the metastabtt configuration 4f 5d and 57 levels of 
the odd configuration 4f 6p. Schuurmans IZl also independently 
analysed Nd II spectrum. Using the energy levels of Albertson 
et al C2], Hassan C41 classified 620 lines in the region 3230 
- 8660 H. and he suggested 4f 5d6s configuration for 31 odd 
levels between 20672 - 31455 cm ; but assingment to only two 
levels have been confirmed by later studies. 
A new analysis of the Nd II spectra has been performed 
between 1965 and 1971 CS - 93 and the work of Wyart TSD, 
Hoekstra i:63, Blaise et. al. C7,9] and Morillon C83 have 
resulted in identification of 178 even and 507 odd levels of 
singly-ionized neodymium atom. Martin et al [103 have compiled 
all these results published upto July, 1976. Blaise et. al. 
t 
[113 have presently revis^^e^^gESflJiegiation of the spectrum of 
7.S 
Nd 11 and identified 126 new levels: 60 even levels and 66 
odd levels, and above 33,000 cm"*, 70 levels have been shi-fted 
by 1218-9 cm~* whereas 26 low odd levels have been also 
shifted by this amount. The total number of levels known so 
far for Nd* are thus 232 even and 573 odd levels. 
The classified lines are listed in the theses of Hassan 
E43 and Wyart C5D and the NBS table C12D. Hassan covered the 
3230 - 8660 A region whereas Wyart covered the 4660 - 11265 A 
region and NBS Table covers 2702 - 8839 A region. 
Noldeke E133, was the first who reported isotope shifts 
in the spectrum of singly ionized neodymium. He reported the 
measurements for 14 lines in the region 4012 - 5320 A. The 
4 4 
transitions studied by him were of the type 4f 6p - 4f 5d and 
4f 5d — 4f 6s. Other workers C14-183 not only measured isotope 
shifts in 5 other lines of Nd II but also improved the 
accuracy of isotope shift values of some of the line reported 
in C133. Most of the later measurements were made for 
accurately evaluating the isotope shift constant C . Ahmad 
and Saksena C193 measured isotope shift in 116 lines between 
3900 - 4760 A involving the transitions from high odd levels 
to the low even terms I and I of the 4f*6s configuration. 
Later they r203 extended the isotope shifts measurements upto 
5820 A and reported isotope shift in 52 lines of Nd II, and 
7!J 
also pointed out that isotope shi-fts reported -for certain 
lines of Nd II by earlier workers were actually shifts for 
different closeby lines. Ahmad and Saksena C213 reported AT 
values o-f both odd and even energy levels of Nd II and 
assigned electronic configurations to some of the unclassified 
levels. They also reported IS measurements in 269 unclassified 
lines of neodymium C20], out of which 7 lines, assigned as IVE 
and VE by King Cll, could be classified to belong to Nd II on 
the basis of IS measurements. Unfortunately, this publication 
was not available to Blaise et al C113 when they revised the 
interpretation of Nd II. Yansen et. al. E223 have measured the 
IS in the transition 4f'*5d '^K - (23537)'^ (X = 5702 A) of 
Nd II by collinear fast-ion beam laser spectroscopy to 
evaluate specific mass shift contribution of different 
configurations in that particular transition using King-plot 
and assign the composition of mixed configuration in the level 
at 23,537 cm"* (J = 9/2). 
Blaise et. al. C113 have exhaustively studied the isotope 
shifts in the spectra of Nd II in the region 2722 - 26850 cm"* 
(36737-3723 A) by Fourier transform spectroscopy. They 
evaluated AT (144-150) for 75 even levels (out of 232 levels 
known) and 268 odd levels (out of 573 levels known). Thus they 
could assign electronic configuration to 168 even levels and 
159 odd levels. The even levels belong to the 4f'*6s, 4f*5d, 
so 
3 3 3 
4-f 5d6p and 4f 6s configurations and odd levels to 4f 5d6s, 
3 2 4 
4-f 5d , and 4-f 6p con-figurations. 
Theoretical interpretation of the odd and even energy 
levels have been based on the multiconfiguration analysis and 
are discussed in CUD. For odd levels, complete configuration 
3 3 4 2 
4f 5d6s was associated with the sub-configuration 4f ( I)5d 
and 4f*('l)6p for levels below 20000 cm"*. Blaise et al CI 13 
have calculated high even levels on the basis 4f ( I)5d6p + 
4f ( I)6s6p. They pionted out that for levels in the region 
33000-38000 cm , there sre purturbations by high levels of 
4f 5d and above 39000 cm , the level identifications to the 
configurations may be ambiguous. 
Inspite of the great increase in the identified energy 
levels, the configuration assignments for both even and odd 
levels above 30000 cm is very scanty and AT values which 
could be helpful in the configuration assignment are also not 
available for high lying odd and even levels above 30000 cm 
Most of the strong transitions from these levels lie in the 
ultraviolet region and there is hardly any study of isotope 
shifts in spectral lines of Nd in this region. Afzal, 
Nakhate and Ahmad L23] have carried out isotope shift studies 
in 92 lines of Nd in the ultraviolet region of the spectrum 
(3290 - 3960 A) and the transitions studied involve high lying 
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odd and even levels above 30000 cm -for which IS have not 
been evaluated by Blaise et. al. Clll. 
The objective of the present work is to measure isotope 
shifts in the spectral lines lying in the ultraviolet region 
of the spectrum as it would be helpful in assigning the 
electronic configurations of the high lying ( > 30,000 cm ) 
odd and even levels of Nd II for which IS have not been 
evaluated by Blaise et al Cll]. Blaise et al C113 have 
corrected the earlier reported C7] energy level values of some 
odd and even levels of Nd II; some of the odd levels below 
18,000 cm have been lowered by 1218.9 cm where as the 
energy value of some of the high even levels above 33,000 cm 
have been also lowered by the same amount. In view of this, 
the existing classifications of some of the spectral lines of 
Nd need revision. We have suggested classifications for the 
lines involving these corrected energy levels; and also to the 
spectral lines whose measured isotope shift value was not in 
agreement with the earlier suggested classification listed in 
literature C123. We have also suggested new classification for 
some spectral lines lised as Nd II in C12D and also on the 
basis of King's "temperature classification" and our observed 
isotope values. In addition some new lines have been also 
observed and the possible classification has been suggested on 
the basis of observed isotope shift and measured seperation 
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142 
from a closeby known line using single isotope Nd. 
4.2 Experimental 
The isotope shift studies were carried out with highly 
enriched isotopic samples of Nd (98%) and Nd (957.) 
excited in the liquid nitrogen cooled hollow cathode and 
recording Fabry-Perot spectrometer with etalons coated for the 
UV region (described in chapter 3). Some of the transitions 
with complex structure were recorded with the single isotope 
142 
Nd to ascertain whether there was any other closed lying 
line appearing alongwith the line of interest. Fig. 4.1 shows 
isotope shift Aa (142-150) of 3848.235 A (\ ) and 3848.309 A 
1 
(X ) of Nd II recorded on Fabry-perot Spectrometer with an 
2 
Etalon of 12? mm thickness. The source exchange technique was 
used to record very small isotope shifts £241. The percentage 
abundance of these samples are given in the following Table 
4. 1. 
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Fig. 4.1 Isotope shift Ao(142-150) of the Nd II lines at 3848.235 
A (X ) and 3848.309 A (X^) recorded with an etalon of 12 
thickness. IS = -95 a»K (\J and IS = -100.3 mK (^^ ) 
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Table 4.1 Percentage abundance o-f isotopes in neodymium 
samples used. 
Samples '/. Abundance of isotopes 
142 143 144 145 146 14B 150 
Natural 27.13 12.20 23.87 B.30 17.IB 5.72 5.56 
S(^^'^Nd) 0.77 0.37 0.B8 0.34 0.84 0.66 96. i: 
Sf^^^Nd) 98.26 0.71 0.58 0.12 0.24 0.05 0.04 
4.3 Result and Discussion 
4.3.1 Isotope Shift Measurements in Spectral Lines o-f Nd II 
In the present investigations, isotope shift Aa(142-150) 
were measured in 92 lines in 3290 - 3955 A region. The 
wavelengths of these lines of Nd II are given in column 1 of 
the Table 4.2. The wavelength values are mostly taken from 
King CID. But some values are taken from M. I. T. L252 and 
Meggers et al [123 and are indicated by 'a" and ^b' 
respectively. We have found three new spectral lines of Nd II 
which are marked as 'c' in column I. The classification of 
Nd II lines are given in column Z. In column 3 the measured 
isotope shift Aa (142-150) is given in units of mK. For some 
S5 
of the lines zero isotope shi-ft have been assigned on the 
basis ai comparison o-f the line width o-f mixture ( Nd, 
Nd) with the line width o-f the same line recorded with 
14Z 
single isotope Nd. The sign of the isotope shift is based 
on usual convention i.e. isotope shift is positive in a line, 
if the component due to heavier isotope lies on the higher 
wavenumber side, and negative in the opposite case. 
We found three new spectral lines of Nd in the 
presently investigated wavelength region. The line at 3731.221 
A reported as single is found by us to consists, of two lines 
whose separation was accurately measured using single isotope 
142 
Nd and two sets of spacers. On the basis of classification 
and measured wavenumber separation, we have evaluated the 
wavelength of these two lines as 3731.2104 A and 3731.235B A. 
Similarly the line at 3822.474 A, which -is indicated' as 
'doublet' by King HI 1, is found by us as two lines. We have 
evaluated the wavelengths of the lines as 3B22.4497 A and 
3B22.49B0 A., We found that the line listed at 3848.523 A has 
also a closeby line whose wavelength is found to be 384B.509 A 
by using the measurements with single isotope. 
86 
Table 4.2 Isotope shift A0 (142-150) in the spectral lines o-f 
Md II in the region 3290-3755 A. 
1* ± # 
Wavelength Classification IS 
(A) Even Odd AtJ (142-150) 
3293.838 43212 - 12861 - 201-6 
3294.680 40442 - 10091 0 
3300.161 0 - 30292 0 
3300.914 3801 - 34087 + 124.4 
3304.657 4437 - 34689^ + 102. o 
3305.33'' 9357 - 39603*' +89.5 
3312.753 c 0 
3313.158 2585 - 32759 + 15 
3316.015 1470 - 31618 0 
3328.276 0 - 30037 +108 
3331.574 3801 - 33809 + 79 
3334.480 1470 - 31415 + 83.3 
3348.169 2585 - 32444 + 11 
3354.603 1650 - 31451 + 92 
3359.762 5085 - 34841 +9.8 
3364.37"* 4512 - 34227** - 15 
3364.958 1470 - 31179 + 50.3 
3386.517 1470 - 30990 + 17.3 
3410.246 2585 - 31900 + 104.9 
3411.018 3066 - 32375 + 50 
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3412.39^ 
3415.55^ 
3425.219 
3432.99^ 
3443.321 
3443.604 
3468.419 
3470.865 
3484.369 
3541.605 
3587.507 
3592.589 
3598.024 
3609.788 
3615.815 
3618.963 
3624.654 
3629.940 
3631.02 
3637.791 
3640.235 
3645.779 
3650-422 
3659.945 
3687.296 
49258 -
1650 -
3066 -
5985 -
5085 -
1650 -
513 -
1650 -
1470 -
2585 -
43212 -
513 -
513 -
0 -
1650 -
3066 -
4512 -
5985 -
40133 -
39509 -
37517 -
513 -
1650 -
1470 -
1470 -
19962** 
30919 
32253 
35106 
34119 
30681 
29336 
30453 
30161** 
30813 
15345 
28340 
28298 
27694 
29298 
30691 
32093 
33526 
12600® 
12028® 
10054** 
27934 
29036 
28785 
28582 
+ 
+ 
-
+ 
-
+ 
+ 
t 
+ 
+ 
+ 
+ 
+ 
+ 
-
-
+ 
-
-
+ 
+ 
+ 
25 
88.9 
0 
20 
183.6 
25.3 
110 
110.2 
0 
60 
112.9 
107.3 
81 
114.9 
76.7 
80.5 
96 
15.8 
51.3 
185 
295 
84 
15 
15 
79 
ss 
3730.577 3066 - 29864 - 236.1 
3731.2104^ O - 26793 + 136.9 
3731.2358'' 6005 - 32798*' + 30 
3732.785 40693 - 13911** - 287 
3735.537 4512 - 31274 +9.9 
3737.10*^ 2585 - 29336 + 113 
3738.056 4512 - 31256 - 66.9 
3752.492 4512 - 31153 - 60.5 
3752.674 0 - 26640 +2.1 
3755.595 1470 - 28089 - 34.7 
3757.819 3801 - 30405 - 92.4 
3758.947 5985 - 32581*" - 63.4 
3759.792 5085 - 31675 - 123.4 
3769.654 1650 - 28170 +21.7 
3775.497 5985 - 32464 - 22.7 
3779.467 1470 - 27921 - 53.0 
3781.318 5985 - 32423 - 69.4 
3784.250 3066 - 29484 -45.1 
3791.505 3066 - 29434 - 25 
3803.474 1650 - 27934 + 90.9 
3805.356 1650 - 27921 - 46.3 
3805.546 3066 - 29336 - 101.5 
3809.058 513 - 26759 + 10.8 
3810.491 5985 - 32221 - 93 
3811.063 3066 - 29298 +71.5 
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3B14. 
3818. 
3822. 
3822. 
3826. 
3827. 
3828. 
3846. 
3846. 
3848. 
3848. 
3848. 
3848. 
3850. 
3851. 
3851. 
3860. 
3863-
3889. 
3890. 
3891. 
3955. 
730 
84^ 
4497 
4980 
422 
995 
848 
71^ 
97^ 
235 
309 
509^ 
523 
225 
657 
745 
94^ 
404 
93 
58 
51 
95 
0 -
4512 -
3066 -
3801 -
513 -
0 -
5985 -
1650 -
513 -
1470 -
2585 -
11377 -
3066 -
40859 -
2585 -
1470 -
39509 -
0 
2585 -
5085 -
5985 -
5985 -
26206 
30691 
29220 
29955 
26640 
26116 
32095 
27638 
26500 
27448 
28563 
37354 
29043 
14894 
28540 
27425 
13616 
- 25876 
28285 
30781 
31675 
31256 
- 4.3 
+ 82 
O 
+ 53 
0 
+ 49.4 
- 3.6 
- 58.8 
+ 11. 1 
- 95 
- 100.3 
+ 50.9 
- 16.4 
+ 11.3 
- 98. 1 
0 
- 78.5 
0 
- 52. 1 
- 175.6 
- 113 
- 61 
- Isotope shift <IS) in mK 
- Wavelength from M. I. T. [z€ 
!J() 
- Wavelength -from Meggers et al C12.3 
- Wavelength value based on present work 
^- CI assi-f ication based on present work 
- Classification by Blaise I>0 
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4.3.2 Earlier Energy Level Classification o-f Nd II Lines and 
Some Suggested Revisions 
The cl assi-fi cation of the most of the spectral lines of 
Nd II given in column 2. of the Table 4.2 are taken from NBS 
Monograph C123. Blaise et al Til] have corrected the earlier 
reported [7]] energy level values of many of the low lying odd 
levels (up to 18,000 cm ) by lowering the values by 1218,9 
cm whereasi the energy level values of high lying even levels 
above 33,000 cm have been also lowered by the same amount. 
With a simple computer programme and using all the available 
data on odd and even energy levels of Nd t7,10,llli, we have 
derived possible energy level classification of the spectral 
lines in which the isotope shift has been measured presently. 
These suggested new classifications ^re indicated as 'p' in 
column X of Table 4.2. Some of these? classifications were also 
checked by Blaise C261 and he suggested classifications for a 
few of the Nd II lines which are marked as 'B' in column 2. of 
Table 4.2. 
We have revised the classification of eight spectral 
lines of Nd given by Meggers et al [121. These spectral lines 
are 3293.83B A, 3412.39 A, 3587.507 A, 3631.02 A, 3640.235 A, 
3732.785 A, 3805.356 A and 3818.04 A. The classification of 
the Nd II lines at 3631.02 A, 3640.235 A and 3732.785 A has 
Ii2 
been revised because the earlier energy level value o-f the 
involved low odd energy levels have been lowered by an amount 
1218.9 cm 11113. The new classifications -for these lines are 
given in Table 4.2. Out of these three lines, classification 
of the line at 3631.02 A is confirmed by observed isotope 
shift value. For other two lines at 3640.235 A and 3732.785 A, 
the AT value for the involved upper energy level is not 
reported earlier. From our isotope shift values for these 
lines we could evaluate AT(37517 cm"*, J = 11/2; 40693 cm"*, J 
= 19/2) which is found to be in agreement with the 4f 5d6p 
electronic configuration suggested by Blaise CI 13. The line at 
3293.838 A was classified as 43212 (7/2) - 12061 (7/2) C123. 
The energy level at 43212 cm (J = 7/2) is assigned to 
3 
4f 6s6p configuration and for a pure configuration AT (142 -
150) is expected to be "^ 620 mK E113. The observed Aa (142 -
150) for this line is -201.6 mK which does not support the 
e>tisting classification. Blaise C263 has suggested a new 
classification to this line as 40442 (7/2) - 10091 (9/2). The 
energy level 40442 cm (J = 7/2) has been assigned to 
3 
electronic configuration 4f 5d6p and the observed IS value 
supports this classification E263. The line at 3412.39 A has 
existing classification 4512 (13/2) - 33809 (13/2). With same 
upper level 33809 cm (J = 13/2),there is another line at 
3331.574 A classified by Meggers et al C123 as 3801 (15/2) -
33809 (13/2). AT value for the energy level at 33809 cm"* <J = 
93 
13/2) is not reported earlier. Isotope shi-ft -for the line at 
3331.574 A has been measured presently -from which AT value of 
33809 cm (J = 13/2) could be deduced. The measured IS value 
•for the line at 3412.39 A is found to be in disagreement with 
the AT value deduced from the line at 3331.574 A. Thus we have 
suggested the classification of the line at 3412.39 as 49258 
(17/2) - 19962 (15/2). We have classified the line at 3587.507 
A as 43212 (7/2)- 15345 (7/2) instead of earlier C12] 
classification 1470 (11/2) - 29336 Cll/2) from the observed IS 
as -^ 112.9 mK. As discussed earlier Blaise et al tllD has 
~1 3 
assigned the energy level 43212 cm (J = 7/2) to 4f 6s6p 
configuretion which has large AT value. Our observed IS in 
line 3587.507 A does not agree with the earlier reported 
classification and supports the revised one suggested by us. 
The line at 3805.356 A was classified as 2585 (13/2) - 28856 
(15/2); AT values for both these energy levels are known CI 13 
and a value Aa (142 - 150) = -110 mK is expected. We found ACT 
(142 - 150) = -46.3 mK for this line which does not agree with 
the reported classification C121. We have suggested new 
classification as 1650 (9/2) - 27921 (9/2) for this line at 
3805.356 A. AT value for the energy level at 27921 cm~* (J = 
9/2) is known E113 and the presently observed ACT value for the 
line at 3805.356 A supports the suggested classification. 
There is an other line at 3779.467 A which has been previously 
classified as 1470 (11/2) - 27921 (9/2) involving the same 
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upper level as that for 3B05.356 A Nd II line and the observed 
IS of both the lines agree. The line at 3818.84 A is 
classified as 10256 (1/2) - 36434 (1/2). AT values for both 
the lower and upper energy levels are not reported so far. For 
this line Blaise [26D has suggested another possible 
classification, that is, 4512 (13/2) - 30691 (11/2). AT for 
energy level at 30691 cm (J = 11/2) is not known. But there 
is another previously classified line at 3618.963 A with same 
upper energy level at 30691 cm (J = 11/2) whose IS has been 
measured presently from which we could deduce AT (30691 cm ,J 
= 11/2). This AT is found to be in agreement with AT (30691 
cm" ,J = 11/2) derived from the line 3818.84 A (see Table 
4.1). Tnus we have suggested the classification of line 
3818.84 A as 4512 (13/2) - 30691 (11/2). The line 3860.94 A is 
classified C12: as 4512 (13/2)- 30405 (15/2). The measured 
isotope shift value in this line does not support the existing 
classification as the AT for both the energy levels are known 
CllD. We could not suggest an alternate possible 
classification for this line. The line at 3312.753 A is 
classified as 0 (7/2) - 30177 (?) in reference E123 but we 
could not find the level at 30177 cm listed in any of the 
compilation of energy levels of Nd II C7, 10, 113. The 
transition arrays involving transitions from high odd levets to 
low even levels is given in Appendix lA, whereas those from 
high even levels to low odd levels is given in Appendix IB. 
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4.3.3 New Energy Level Classification o-f Nd II Lines 
We have classi-fied 14 Nd II spectral lines for which 
there was no classification existing earlier. These lines are 
3304.657 A, 3305.33 A, 3364.37 A, 3411.018 A, 3443.604 A, 
34B4.369 A, 3637.791 A, 3731.2358 A, 3758.974 A, 3822.4497 
A,3827.995 A, 3828.848 A, 3848.509 A and 3850.225 A. Out of 
these 14 lines three lines are newly found by us in the 
present study. The suggested classifications ars based on a 
computer programme calculating possible transitions between 
all the energy levels of Nd II and present IS measurements in 
the lines. For the line at 3827.995 A, the classification 
suggested by us on the basis of computer classification, is 
confirmed from the presently observed ACT (142 - 150) value 
which is +49.4 mK. The expected ACT value is + 41.6 mK which is 
derived from the known AT value for both the upper and lower 
energy level involved in the transition C113. For remaining 13 
lines, AT values for the involved upper energy levels are not 
reported earlier. Using our presently measured isotope shift 
values, we could deduce new AT values for these upper levels 
except for the line at 3848.509 A for which AT value for both 
the upper and lower energy level is not known El 13. Our 
classification for the line at 3637.791 A and 3850.225 A is 
confirmed from the presently measured isotope shift. AT (142 -
150) values deduced for the involved energy level at 39509 
98 
cm * (J = 15/2) and 40859 cm"* (J = 13/2) is 205 mK and 226 mK 
3 
respectively; which agrees with the assignment o-f 4f 5d6p 
configuration to these levels by Blaise et al Cll], 
4."5.4 Isotope Shift AT (144-150) in Some o-f the Energy Levels 
of Nd* 
The term isotope shift (AT) of the energy levels of Nd 
II have been deduced using the isotope shift measurements 
carried out by our group in the spectral lines in the region 
'290 - 5820 A). The measured isotope shifts Aa (**^ Nd - *'°Nd) ( 
has been normalised to Aa ( Nd - Nd) using the relation 
Aa(*'*"*Nd - *'°Nd)= 0.733 x Aa("^Nd - "^Nd) which has been 
deduced by using the accurate values of relative isotope 
shifts for the isotopes involved. This has been done so that 
the AT values of the levels are consistent with those of 
144 ISO 
Blaise et al Clll where AT( Nd - Nd) are reported for a 
large number of levels. AT ( Nd - ~ Nd) values of the even 
and the odd levels Ar^ presented in Table 4.3 and Table 4.4 
respectively. The values of the energy levels, their J values 
and the configuration assignments wherever available, are 
taken from Blaise et al t7,llD. The low even levels are 
listed in Table 4.3A and these levels belong to 4f 6s and 
4f 5d configurations. The AT ( Nd - Nd) values of levels 
y? 
Table 4.3. Isotope shifts AT(144-150) in even levels of Nd II 
dsduced assuming AT (6005.27 cm~*. 4f*5d) = 0. The 
values of E, J, and configuration assignments are 
from C73. 
A. Low even energy levels. 
E (cm'*> 
0.0 
513.330 
1470.105 
1650.205 
2585.460 
3066.755 
3801.930 
4437.560 
4512.495 
5085.640 
5487.655 
5985.580 
6005.270 
6637.430 
6931.800 
7524.735 
7950.075 
J 
7/2 
9/2 
11/2 
9/2 
13/2 
11/2 
15/2 
11/2 
13/2 
17/2 
13/2 
15/2 
9/2 
15/2 
11/2 
7/2 
13/2 
Conf. 
f S 
fS 
f S 
f*s 
f*s 
f S 
f*s 
f * d 
f*s 
fS 
f * d 
f S 
f ^ d 
f * d 
f * d 
f * d 
f * d 
Ref.[21D 
235 
235 
235 
228 
235 
228 
235 
0 
228 
235 
0 
235 
0 
0 
0 
0 
0 
AT ( mK 
Ref.LllD 
239 
239 
238 
222 
243 
242 
246 
2^Z 
-
3 
248 
0 
5 
2 
2 
5 
) 
Present 
238 
237 
238 
235 
241 
236 
245 
2 
241 
240 
3 
245 
0 
5 
3 
2 
5 
work 
9S 
9042.760 
9166.210 
9357.910 
10194.805 
10516.790 
11392.190 
15/2 
19/2 
11/2 
17/2 
21/2 
19/2 
f*d 
i*d 
f*d 
f*d 
f*d 
f*d 
0 5 6 
0 7 7 
0 5 7 
0 7 9 
0' 11 11 
0 0 8 
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Table 4.3. Isotope shi-fts AT (144-150) in even levels of Nd II 
deduced assuming AT (6005.27 cm"*, 4f*5d) = 0. 
B. High even energy levels. 
E (cm *) 
Earlier Work 
Config Ref.C21] Ref. C113 
Present Work 
AT Conf. AT Con-f. AT Conf 
37517.135 11/2 
39509. 940*^  15/2 
40133.480 17/2 
40442.295** 7/2 
40693.900 19/2 
40859. 170** 13/2 
43212.595* 7/2 
49258.665*^ 17/2 
f^dp 195 f^dp 
f^dp 158 f^dp 
215 f^dp 196 f^dp 
f^dp 265 f^dp+f^sp 
f^dp 200 f^dp 
f^dp 174 f^dp 
- -f sp 315 "f sp 
294 f^sp+f^dp 
+The E values; are taken -from Ref. till which have been obtained 
by shifting the level values given in Ref. C73 by 1218 cm~* 
exBcpt those which are marked with 'R' whose values have 
been revised by about 0.01 cm~ or less. Levels which are 
marked with 'N' are new levels from till. The configuration 
assignments in column 3 are from C73, to indicate the status 
of assignment before the studies reported in C211. 
11)0 
of 4f 6 B conFiguration is around 238 mK; the I and I terms 
of this configuration having different AT values due to 
crossed-second-order effect [27D. The levels of 4f 5d are 
expected to have negligible isotope shift and all the AT 
values are with reference to the level of 4f 5d at 6005 cm" 
with value of AT taken as zero. AT values of low odd levels 
Are given in Table 4.4A and are taken from Blaise et al C U D . 
The AT values of 8 high even levels are given in Table 
4.3B and have been deduced using the known AT values of low 
odd levels (Table 4.4A). Blaise et al have assigned 6 of these 
levels to 4f'5d6p, one level to 4f 6s6p; one level has no 
assignment. Blaise et al till have not reported AT value for 
one of these levels (Table 4.3B). 
The AT values of 68 high odd levels are given in Table 
4.4B and have been deduced using the AT values of low even 
levels (Table 4.3A). Most of our values are in broad 
agreement with those of Blaise et al C113, but for some of the 
levels there are glaring disagreements which a.re discussed 
below. The present study provides AT values of 44 odd levels 
between 29000 and 39605 cm"* for the first time. Fig. 4.2 
shows the term isotope shift values AT (142-150) in the unit 
of railliKayser (1 mK= 10~ cm" ) given in the parentheses for 
various configurations of Nd II 
101 
(xlO^ c m ' ) 
40 
35 
3 0 -
f^dp 
?.5 
20 
10 
OL 
(312) 
F i g . 4 . 1 A T ( 1 4 2 - 1 5 0 ) v a l u e s in the u n i t of m i l l i K a y s a r 
(1 miC=lO cm ) are « lven In the p a r e n t h e s e s 
for v a r i o u s c o n f i n d u r a t i o n s of Nd I I 
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4.3.5 Comparison of Present AT Values -for High Odd Levels 
with those of Blaise et al Cll]. 
Most o-f the AT values being reported by us are in broad 
agreement with the earlier reported values CI 13. However for 
some of the levels,there is disagreement between our AT values 
and those reported by Blaise et al tllD. AT for most of these 
levels with transitions in the visible region were earlier 
reported by Ahmad and Saksena L213 and their measurements were 
for * Nd - ^ Nd, so a comparison with AT ( Nd - Nd) of 
Blaise et al CUD may not be that conclusive. Some of the 
lines involving these levels lie in the UV region where 
isotope shift involving Nd and Nd were studied by us 
E23!]. There ars still some levels, in which the discrepancy in 
AT values exists, and transitions involving these lie in the 
visible region. Therefore, we have carried out IS measurements 
in transitions involving those levels with Nd and Nd 
isotopes in the visible region. Only those levels were 
selected for which the difference between the AT values 
reported by us [213 and those in CI 13 is more than than 20 mK-
Among the low even energy levels <Table 4.3A), Blaise et 
al have reported AT(1650 cm"*, J = 9/2) = 222 mK whereas we 
report a value of 232 mK using the data from a large number of 
transitions studied. Among the high even levels the earlier 
103 
studies CllD provide AT values for only five levels and in 
general there is a difference of about 10 mK. Among the high 
odd levels (Table 4.4B) for the level at 25524 cm~* (J = 13/2) 
there is a difference between our values and those in C113, 
that is D<AT) = 21 mK . We have measured large isotope shift 
C" -165 mK) in three transitions at 4156.0 A, 4358-1 A, 4451.5 
A, involving this level which unambiguously confirms that for 
the level at 25524 cm"* (J = 13/2), the AT ("^ Nd - '''*Nd) 
(74 ± 3) mK as compared to 95 mK reported in till. The D(AT) 
values for level at 26912 cm"* (J = 15/2) is 11 mK. By 
measuring large IS C^  -170 mK) in three lines at 4109.4 A, 
4325.9 A and 4462.9 A, involving the transitions from this 
level, we have evaluated AT for this level confirming our 
value of 70 mK. There is also a large difference with D(AT) = 
85 mK for the level at 29298 cm"* (J = 9/2) and we have 
measured IS value of 55.2 mK and 59 mK respectively for the 
two lines at 3615.8 A and 3811.0 A. According to the AT value 
of 210 mK reported by Blaise et al El11, the IS for these 
lines should be of the order of 30 mK. The uncertainty in our 
measurement is only ±3 raK, so we have confirmed that the AT 
for the level at 29298 cm"* (J = 9/2) should be 295 mK rather 
than 210 mK [113. Similar is the case with the level at 29955 
cm'* (J = 15/2), where D(AT) is 80 mK. D(AT) for the level at 
30405 cm"* (J = 15/2) is 16 mK and IS values of -71.4 mK in 
only one transition involving this level at 3757.8 A has been 
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measured which gives the AT = 169 mK -for this level. For the 
odd level at 31256 cm (J = 13/2) , on the basis of measured 
IS in 3738.0 A and 3955.9 A lines, we get AT = 193 compared to 
the value o-f 150 given by Blaise et al tll3. 
4.3.6 AT values of the known configuration of Nd II. 
The values of AT ( Nd - Nd) for levels of pure 
configuration of Nd II, evaluated on the basis of the earlier 
studies C11,, 19, 20, 211 and the present work, are summarised 
below 
Even Configurations: 
AT (4f*6s) % 240 mK* 
AT (4f'*5d) ^ 0 mK 
AT (4f^5d6p) % 170 mK 
AT (4f^6s6p) % 480 mK 
Odd Configurations: 
AT (4f^5d6s) % 430 mK 
AT (4f^5d^) ^ 150 mK 
AT (4f'*6p) J5: 50 mK 
*(1 mK = lO'^cm"*) 
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4.3.7 Con-figuration mixing in the complex spectrum of Nd . 
Configuration mixing in the complex spectrum of Nd is 
quite predominant. Using the AT values of pure configuration 
given in section 4.3.6 and using the well known 'sharing rule' 
(C24] and references therein), we have evaluated the IS of a 
level with a hypothetical composition of configurations. 
According to sharing rule, for a state whose wave function y/ 
results from mixing of n configurations, the isotope shift AT, 
equals the sum of isotope shift AT. of the individual 
2 
configuration multiplied by the weight C. of the configuration 
in y. 
n 
AT = Z C^ AT with 1^  C^ = 1 
t= 1 i i t i 
We have carried out the exercise only for evaluating AT 
values for different composition of odd configurations 
3 3 2 4 
4f 5d6s, 4f 5d and 4f 6p, using AT values of pure 
configurations given under 4.3.6. These AT values have been 
useful in understanding the configuration mixing in the levels 
which have been earlier assigned configurations by theoretical 
calculations. 
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4.3.B Comment on the Aeeigned ConfiQurations 
High Even Levels 
There are 8 even levels which are involved in the 
transitions studied presently and AT values of these levels 
have been evaluated in the present work whereas Blaise et al 
LI 13 have not reported AT values for one of these levels. Out 
of the 8 levels listed in Table 4.3B, Blaise et al CUD have 
3 3 
assigned 6 levels to 4f 5d6p and one level to 4f 6s6p 
configuration; one level not assigned any configuration. 
The new AT values for some of the high even levels have 
provided information about the purity of configuration of a 
level as well as configuration mixing (Table 4.3B). The AT for 
the level at 39509 cm"* (J = 15/2) is 158 mK, showing that 
3 
this level belongs to almost pure 4f 5d6p configuration and 
Blaise et al E113 have assigned leading composition 72 '/. 
('D^M. The level at 40859 cm"* (J = 13/2) has AT value of 174 
mK and this has been assigned [11] to have the leading 
3 4 
composition of 9 Z ( I) K. The AT value suggests that this 
3 
belongs to somewhat pure 4f 5d6p configuration. The levels at 
37517 cm "*(J = 11/2), 40133 cm"* (J = 17/2), and 40693 cm"* 
(J = 19/2), have their AT values around 200 mK and these 
levels have been assigned CI 13 respectively the leading 
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ccDfnpos i t iDn 17 7. ( ^ L ) ' * K , 46 7. (^L)**L and 39 7, ( ' L ) * ' L . The 
l e v e l a t 4 0 4 4 2 cm (J - 7 / 2 ) h a s been a s s i g n e d by B l a i s e e t 
a l C113 t o 4-f 5d6p w i t h l e a d i n g c o m p o s i t i o n o-f 13 X ( G) H 
The AT v a l u e f o r t h e l e v e l a t 4 0 4 2 2 cm ' * ( J = 7 / 2 ) i s 2 6 5 mK , 
3 
which shows that this has contributions from 4f 6s6p, leading 
to high AT value. The level at 43212 cm"* (J = 7/2) belongs to 
4f 6s6p configuration (leading composition 12 'f. sp I UllD). 
On the basis of our AT. value we confirm its configuration 
assi gnment. 
High Odd Levels 
4 
There are 14 odd levels (Table 4.4B) belonging to 4f 6p 
configuration E7,113 for which AT values have been evaluated 
from the transition studied presently. Blaise et al Eill have 
not assigned any configuration to 31153 cm (J = 13/2) which 
they had earlier assigned to 4f 6p configuration r7D. 
4 
Similarly 3 new assignments to 4f 6p configuration has been 
made by Blaise et al Clll to already known levels reported in 
[73. 
4 
4-f 6p Configuration 
The pure levels of this configurations are 25524 cm 
(J=13/2) and 26912 cm"* (J=15/2). All these levels assigned 
10^ 
Table 4.4. Isotope shifts AT(144-150) in odd energy levels of 
Nd II. The values of E, J, AT and configuration 
assignments are from [113. 
A. Low odd energy levels (AT values are from Ref. Cll]). 
E ( cm > AT <mK) Conf. 
10054. 
10091. 
10720. 
1202B. 
12260. 
12331. 
12600. 
12B61. 
13911. 
14894. 
15345. 
16B10, 
195 
360 
295 
460 
,605 
,345 
,805 
.420 
.620 
.21 
.860 
.315 
11/2 
9/2 
11/2 
13/2 
15/2 
11/2 
19/2 
7/2 
17/2 
15/2 
7/2 
19/2 
422 
420 
341 
300 
409 
342 
157 
400 
421 
165 
228 
428 
f^ds 
f^ds 
f^ds 
f^ds 
f^ds 
f^ds 
f^ d^  
f^ds 
f^ds 
fV 
fV 
f^ds 
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Tab le 4 . 4 . I s o t o p e s h i f t s AT(144-150) i n odd ene rgy l e v e l s ai 
Nd I I . 
(B) High odd l e v e l s . 
E a r l i e r Work 
E (cm ) J Con-fig Re f . C21] Re-f. c m 
Present Work 
AT Con-f. AT Conf. AT Coni 
25524.470 
25B76.545 
26116.025 
26206.805 
26640.080 
26759.225 
26772.080 
26912.765 
27425.000 
27448.710 
27638.675 
27694.620 
27921.385 
27934.515 
28089.470 
28170.445 
28298.462 
28340.549 
13/2 
5/2 
5/2 
7/2 
7/2 
9/2 
11/2 
15/2 
9/2 
13/2 
7/2 
7/2 
9/2 
9/2 
13/2 
9/2 
9/2 
9/2 
f'p 
i% 
-
-
i*9 
-
f^ P 
i% 
i% 
-
-
-
f*P 
-
-
-
-
— 
68 
-
-
-
-
-
139 
54 
-
168 
-
-
-
-
-
235 
-
95 
232 
270 
236 
240 
f P 
i*P 
-
-
i*P 
74 
238 
276 
235 
23B 
^ P 
f^ds+f^p 
-
-
•f*p+f^ds 
148 -f'p 
285 -f'p 
170 -f^ p 
201 -f^ p 
208 
255 
?45 
145 -f p 
81 -f p 70 -f p 
?38 f^ds+f^p 
165 -f p 
190 f^ p 
326 f^ds 
198 f*p 
304 f^ds 
211 
252 
299 f'ds 
319 f^ds 
in 
28540.945 
28563.4S5 
28582 .619 
28785.075 
29036.650 
29043 .450 
29220.567 
29298 .625 
29336 .730 
29434 .255 
29484 .605 
29864 .640 
29955 .410 
30037.077 
30161 .616 
30292 .992 
30405 .580 
30453 .341 
30681 .265 
30691 .068 
30781 .490 
30813 .108 
30919 .630 
30990 .485 
31153 .855 
15/2 
13/2 
11/2 
9 / 2 
7 / 2 
9 / 2 
9 / 2 
9 / 2 
11/2 
13 /2 
11 /2 
9 / 2 
15/2 
5 / 2 
11/2 
5 / 2 
15/2 
7 / 2 
7 / 2 
11/2 
17 /2 
113/2 
7 / 2 
9 / 2 
13/2 
— 
fV 
-
-
-
i'p 
-
-
-
i'p 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
^*P 
75 
235 
i'p 
-
-
-
-
-
-
-
-
-
-
-
-
— 
155 
173 
-
-
-
217 
-
2 1 0 
-
2 2 5 
2 0 2 
-
2 0 0 
— 
-
f V 
-
-
-
f % 
-
-
-
i*P 
i*P 
-
-
— 
166 
164 
177 
2 4 9 
2 4 7 
2 2 9 
2 4 2 
2 9 5 
3 2 5 
2 2 3 
2 0 7 
6 0 
281 
321 
— 
f * P 
-
-
-
•f^p+^^ds 
-
-
f ' d s 
f " * p+ f ' ds 
• f^pH-f^ds 
i \ 
-
f ^ d s 
238 
238 
153 - 169 i*p 
320 f^ds 
lo; 
216 
-
i'p 
-
-
-
-
-
110 
-
-
-
158 
-
f V 
-
-
-
— 
3 0 5 
106 
2 8 7 
3 0 3 
2 5 1 
196 
f ' d s 
f % 
-
f ' d s 
-
—. 
I l l 
31256.770 13/2 
31274.810 11/2 
31451.299 9/2 
31618.213 9/2 
31675.295 17/2 -f^ p 
31900.596 11/2 
31993.640 9/2 
32093.645 15/2 
32095.740^ 13/2 
32221.570 15/2 
32253.730 9/2 
32375.051 11/2 
32423.943 15/2 
32444.090 11/2 
32464.635 15/2 
32581.320'^ 13/2 
32759.589 11/2 
32798.423 9/2 
33526.500 17/2 
33809.180 13/2 
34087.960 13/2 
34119.145 17/2 
34227.182 11/2 
34689.408 13/2 
34841.070 15/2 
rS 
150 - 193 
251 
302 f ds 
238 
•f"*p 334 -f^ ds 
322 ^ ds 
235 
156 - 169 
242 
170 
242 
280 
- - 189 -
249 
210 f^ p 225 -f^p+f^ds 
193 -
253 
30 i*p 
230 
301 f^ds 
338 f^ds 
381 **ds 
231 
81 f**p 
247 
112 
35106.430 13/2 - - - - - 227 
39603. 1150 9/2 - - - - - 74 f''p 
+The values E, J and configuration assignments are taken from 
Ref. 173. Levels which are marked with ^N' are the new 
levels from Ref. Clll. The configuration assignments of some 
of the levels have been revised by Blaise et al C113 and new 
assignments are indicated in column 7. 
U3 
to thisi configuration have mixed configuration. The mixed 
4 3 2 
configuration (4f 6p + 4f (5d + 5d6s)) is briefly mentioned in 
view of the 'sharing rule' calculations discussed under 4.3.7. 
Qur calculations indicate that a AT value of 200 mK or more 
for a level assigned to 4f 6p configuration has considerable 
mixing, e.g. AT = 200 mK indicate a mixed configuration of 607. 
4f*6p and 407. 4f^5d(bs. The level at 307B1 cm~* <J = 17/2) is 
assigned to 4f 6p CllD and AT value for this level is 106 mK 
indicating that its configuration may be a mixture of 70X 
4f*6p, 20"/. 4f^5d^ and 107. 4f^5d6s. The level at 27921 cm~* (J 
= 9/2) has AT = 198 mK with a likely composition of 607. 4f*6p 
and 407. 4f^5d6s. The level at 29434 cm"* (J = 13/2) is also 
4 3 
admixture of 4f 6p + 4f 5d6s; same being the case for the 
level at 2B563 cm"* (J = 13/2). The level at 31675 cm"* (J = 
17/2) has AT = 334 mK and it was earlier assigned to f p Clll. 
On the basis of large AT value it should be assigned to 
4f^5d6s Csee 4.3.93. 
4.3.9 Suggested Configurations to Unassigned Levels 
On the basis of above discussions under section 4.3.6 and 
4.3.7 WB have been able to suggest possible configuration for 
many of the unclassified levels (Table 4.3B and 4.4B). There 
is one even level at 49258 cm"* (J == 17/2) having AT value of 
294 mK . We suggest a mixed configuration (4f^6s6p + 4f^5d6p) 
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for the :ievel at 49258 cm"* (J = 17/2) . The odd levels at 
29864 cm'* (J= 9/2), 32798 cm"* (J = 7/2), 34689 cm'* (J 
13/2) and 39603 cm"* (J = 9/2) have AT values o-F 60 mK, 30 mK, 
81 mK and 74 mK respectively and all these levels are assigned 
to rather pure 4f 6p con-figuration. The levels at 27694 cm 
(J = 7/2), 28340 cm"* (J = 9/2), 30037 cm"* (J = 5/2) 30453 
cm"* (J = 7/2), 31900 cm"* (J = 11/2), 34087 cm"* (J = 13/2) 
— 1 3 
and 34119 cm (J = 17/2) are having predominantly 4-f 5d65 
configuration. Whereas the levels at 27934 cm (J = 9/2), 
28298 cm"* (J = 9/2), 30691 cm"* (J = 11/2), 30919 cm"* (J = 
7/2), 31451 cm"* (J = 9/2) and 33809 cm"* <J = 13/2) belong to 
3 3 2 4 
about 60/1 4-f 5d6s and admixture of 4f 5d and 4f 6p. We have 
revised the? assignment of 31675 cm (J = 17/2) level from 
4f'*6p (assigned by Blaise et al C7,ll] ) to 4f^5d65 
configuration as AT measured by us has a large value of 334 
mK. 
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CHAPTER V 
TERM IBDTOPE SHIFTS OF SOME OF THE ODD AND EVEN PARITY 
ENERGJY LEVELS OF SINGLY-IONISED YTTERBIUM (Yb II) 
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5. 1 Introduction 
Isotope Shifts (IS) measurements in the spectral lines 
oi singly - ionised ytterbium (Yb II) are rather scanty. 
Earlier Doppler-1imited isotope shi+t measurements were 
reported in spectral lines at 3694.19 A (Kerbs and Nelkowski 
Ell, Bolcvin and Striganov 1123 and Chaiko C3D) and in lines 
at 2970.56 A, 3031.11 A and 3289.37 A C3D. All the -four lines 
involve the ground state level S o-f 4-f 6s configuration: 
two lines at 3694.19 A (D line) and 3289.37 A (D line) belong 
1 E 
t o 4f 6p -4 f 6s t r a n s i t i o n , whereas t h e l i n e s a t 2970 .56 A 
13 14 
and 3031.11 A belong to 4f 5d65-4f 6s transition. Golovin 
and Striganov C2D measured isotope shift involving all even-A 
(A = 168, 170, 172, 174 and 176 ) isotopes of ytterbium 
and using the relative isotope shift values they evaluated 
the static quadrupole moment D of rare stable isotope Yb. 
Chaiko L3D measured isotope shift in 3694 A line of Yb II and 
apart from even-A isotopes mentioned above, he measured 
isotope shift and hyperfine structure of the odd isotopes 
*^Vb and ^''Vb; he also evaluated Q of ***^ Yb. 
o 
The values of isotope shifts for four lines of Yb II at 
3289.37 A, 3669.69 A, 3694.19 A and 4180.9 A involving 
transition from levels of 4f*'*6p to 4f*'*6s and 4f*'*7s were 
reported by Ahmad et al E4] where the ratio of isotope shifts 
i ia 
i n D and D was d i s c u s s e d . 
1 2 
Doppler—free Laser spectroscopic measurements o-f isotope 
shi-fts have been reported in 3289.94 A line by Brends and 
Maleki ES] and in 3694.190 A line by Pendril, Bough and 
Hanna-ford E6D. The isotope shift values reoported in E61 with 
an accuracy o-f 1 MHz. Pendril et al E6] have also evaluated 
the electronic field shift factor F and estimated the specific 
mass shift in two transitions; which enebled them to evaluate 
the difference in nuclear mean square charge radii using the 
isotope shift data reported in long isotopic chains of 
ytterbium using col linear laser spectroscopy L72 
The spectrum of Yb II is perhaps the most commonly 
analysed and theoretically interpreted spectrum among the 
known rare-earth spectra. Meggers and his coworkers at NBS 
(E8] and reference there in) provided almost the complete 
analysis of Yb II spectrum. The known odd and even energy 
levels of Yb II have been compiled by Martin et al C93. There 
are 151 even parity levels known and assigned to the following 
14 14 
configurations : 4f ns (n= 6 to £3, 10), 4f nd (n = 5 to I D , 
4f 6s6p, 4f 5d6p and 4f ng (n= 5, 6) , whereas there are 
166 odd levels known out of which 131 levels have been 
assigned to 4f*^6s^, 4f*^5d6s, 4f**np (n = 6, 7 ) , 4f*^5d^ 
and 4f nf (n = 5 to 14), 35 odd levels remaining without 
12(1 
configuration assignments. Wilson ClOD has carried out ab 
initio calculations and he could assign 10 of these 35 
13 19 
assigned odd levels to 4f 6s7s and 4f 5d75 
cinfiguration. Recently, Fawcett and Wilson C12] have computed 
oscillator strengths, Lande g value and lifetimes in Yb II. 
Their calculations included configuration interaction between 
all configurations of same parity. They have revised the 
designation of 18 even parity levels; actually they have 
indicated 20 such levels in C12], but two levels at 65200 cm 
(J=9/2) and 74973 cm (J=7/2) have the same designation as 
given by Meggers [81. Configuration assignments given in C83 
for 5 odd levels have been changed in C12]; the level at 44940 
cm~* (J=3/2) and 46169 cm~* (J=9/2) have been changed from 
4f"5d65 to 4f*^5d^, the levels at 46354 cm~* (J=9/2) and 
45737 cm ' (J=3/2) have been changed from 4f 5d to 4f 5d6s 
whereas the level at 64191 cm (J=3/2) has been changed from 
4f"5d^ to 4f"7p^ C12]. 
Three types of coupling schemes are needed to describe 
the energy levels of Yb II, LS,J J and J L - the last two 
I II 1 i i ' 
t y p e s of c o u p l i n g r e p o r t e d f i r s t t i m e by (CB3, [ 9 3 ) and 
r e f r e n c e s t h e r e i n ) i n t h e r a r e - e a r t h s p e c t r a f o r Yb I I l e v e l s . 
The l e v e l s o f 4f*^6s6p and 4f*^5d6p are i n t e r p r e t e d as J J 
I II 
coupling scheme. The eigenvector percentages, calculated 
including configuration interactions of the type (4f*^5d6p + 
121 
4f^^6s6p) and (A-f"6s^ + 4-f*^ 5d6s + 4-f*^ 5d^ ) &re given in C9D, 
The objective o-f the present investigations is to 
evaluate? term isotope shift AT o-f the energy levels of Yb II 
and study its variation in the multiplets resulting from 
J J and J L couplings also the available eigenvector 
I II I II 
percentages of different configurations C93 for a particular 
of Yb II level could also be checked. We have carried 
isotope shift measurements of Yb and Yb in 77 classified 
lines of Yb II in the region 3200-6155 A; earlier studies 
provide isotope shift date for just 4 lines C2,3D. Using this 
isotope shift date we have evaluated term shift AT (172-176) 
for 30 even and 19 odd parity levels of Yb II. This study 
has provided for the first time AT values of almost all 
the known configurations of Yb II, enabled to check the 
eigenvector percentage of levels and shown that levels of 
different multiplicity in J L coupling scheme have quite 
different AT values. 
5.2 Experimental 
The isotope shift Aa (172-176) measurements in spectral 
lines of Yb II were carried out on the recording 
Fabry-Perot Spectrometer; the source being a liquid 
122 
nitrogen-cooled hollow cathode discharge lamp containing 
7:10 mixture of ^^ Y^b (97. l'/.) and '^^''Vb (97.77.). Single 
isotope was used to con-firm the wavelengths o-f close lying 
lines and "Source-exchange" technique was used to measured 
isotope shi-ft in these lines and also small values of isotope 
shi-ft. Two sets of plates, each with broadband seven-layers 
dielectric coatings covered the visible region from 
3900-4800 A whereas one sets of plates coated for UV region 
cover the 3200-3900 A range. The other experimental details 
are the same as discribed earlier ([123 and references 
therein >. Isotope shift Aa(172-176) of Yb II line at 4409.3 A 
recorded with an etalon of 12 mm thickness is shown in Fig. 
5.1. The percentage of the samples are given in Table 5.1. 
Table 5.1 Percentage abundance of isotopes in ytterbium 
samples used. 
7. Abundance of isotopes 
170 171 172 173 174 176 
3.03 14.31 21.82 16.13 31.84 12.73 
0.06 0.31 0.52 0.53 1.89 96.68 
Samples 
Natural 
Se^'^Yb) 
S<.^'^yb> 
168 
0. 14 
0.02 
0.01 0.05 0.75 97.15 1.01 0.87 0.19 
123 
Fi«. 5.1 Isotope shift Aa(172-176) of Yb II line at 4409.3 A 
recorded with an etalon of 12 m. thickness. 1=32 BA 
IS = + 156 mK 
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172 
A comparesion is made of isotope shift values for Yb 
and Yb as reported in D and D lines of Yb II by various 
1 2 
authors and is summarised in Table 5.2. Our isotope shift 
values for 3694.19 A (also C43) agrees well with the one 
Doppler-free measurement value reported by Pendril et al C63 
differing only by 4 MHz, whereas for 3289.37 A, there is a 
difference of about 35 MHz between our value and that reported 
by Brends and Msleki [53. 
Table 5.2 Comparision of isotope shift values Aa {*'^ Y^b-*^ *'Yb) 
for two D and D lines of Yb II by various 
1 2 ^ 
authers. 
(For comparision all the values are given in MHz) 
X(A) Aa('^^ Yb-"^ ** Yb) in MHz 
Ref C23 Ref [33 Ref C5] Ref [6D Our values 
5289.37 2263.2180.9 - 2259113 - 2224145 
'•694.19 2482163 247014 2492.811 2488148 
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5.3 Result:3 and Discussion 
5.3.1 Isotope Shi-ft Aa(172-176) in Yb II Transitions 
New isotope shift measurements, carried out in 57 lines 
D-f Yb II in the region 3225-6155 A, are presented in Table 
5.3: earlier measurements being available only -for 2 lines in 
the region recorded by us. The wavelengths o-f spectral lines 
and their energy level classifications are taken from Meggers 
CBlj are given respectively in column 1 and 2 of Table 5.3. 
The values of the isotope shift IS, Aa( Yb and Yb are 
-3 -1 
given in .last column in the units of mK (1 mK = 10 cm ). 
The accuracy of measurements, for ACT > 20 mK is better than 3 
mK. 
The Yb II lines at 3401.1010 A, 4077.276 A and 4255.765A 
(Table 5.3) have all been assigned two possible 
classifications by Meggers C83. For the line at 3401.01 A, 
the possible classifications given as (31979 f ds - 61374 
f*^dp) and <30224 f^ds - 59618 f*^sp) and our observed 
isotope shiftvalue of -92.7 mK for this confirms the 
classification 31979 - 61374 to be correct. For the line 
at 4077.276 A, the classification (62861 f*^dp - 38342 
13 
f ds> seems to be the correct one on the basis of isotope 
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T a b l e 5 . 3 Measured i s o t o p e s h i f t Aa (*''^Yb - ^^'^Yb) 1 n some 
of the spectral lines o-f singly ionised ytterbium 
(Yb II) . Wavelength, intensity and classification 
arB taken from W. F. Meggers and J. Ross[83. 
Wavelength Int. Classification 
Even Odd 
levels levels 
. ,172 w. t7<3 
Ao( Yb-
mK 
Yb) 
3259.814 
3259.100 
3261.508 
3261.685 
3269.265 
3289.370 
3305.733 
3306.783 
3319.180 
3333.057 
3375.483 
3401.010 
3402.273 
3404.103 
3428.463 
3434.610 
50 
100 
500 
20 
50 
60x10** A 
500 r 
100 
80 
200 
2000 r 
200 
200 
150 
200 
200 
59710 
63726 
61214 
70029 
62559 
0 
61873 
63728 
65950 
63647 
56375 
r 61374 
[ 59618 
24332 
65199 
63944 
22960 
2B757 
33052 
30562 
39378 
31979 
30392 
31631 
33494 
35831 
33653 
26759 
31979 
30224 
53716 
35831 
34784 
52067 
0 
-101.5 
-103 
-90 
-171 
-74.2 
-106 
-105.8 
-80 
-112 
-59 
-92.7 
+50 
-95.5 
-98.7 
+42 
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3436.452 
3438.709 
3438.848 
3476.303 
3478-835 
3485.757 
3507.830 
3549.822 
3552.324 
3560.327 
3560.704 
3563.941 
3570.566 
3572.498 
3585.466 
3606.478 
3610.233 
3619-803 
3637.757 
3669.69 
3675.085 
3694-190 
4056.142 
100 
200 
400 
10* A 
3000r 
200 
200 
200 
100 
2x1 O'R 
500r 
200 
200 
200 
2x1 O^R 
300 
100 
700r 
2000r 
2000r 
300 
10* A 
500 
64923 
63647 
61051 
0 
58961 
61051 
65577 
61214 
59710 
49498 
62861 
59618 
61051 
62559 
49301 
61214 
59259 
(•56375 
[65577 
48900 
54304 
57762 
0 
53404 
35831 
34575 
31979 
28757 
30224 
32371 
37077 
33052 
31568 
21418 
34784 
31568 
33052 
34757 
21418 
33494 
31568 
28757 
93195 
21418 
2706 
30562 
27061 
28757 
- 1 0 9 . 7 
- 8 6 
- 1 0 5 . 8 
+ 6 6 . 3 
- 1 1 0 . 7 
- 1 1 4 . 3 
- 9 2 . 1 
- 1 0 4 . 7 
- 1 2 0 . 4 
- 1 1 7 . 5 
- 9 1 . 7 
- 1 0 8 . 2 
-111 
- 1 4 5 . 2 
- 1 1 4 . 4 
- 1 0 2 
- 1 1 8 . 7 
- 5 6 . 8 
- 1 1 2 . 7 
+ 1 0 . 3 
- 1 0 
- 8 3 
0 
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4119.46A 
4135.088 
4170.106 
4180.809 
4190.297 
4216.704 
4230.184 
4252.515 
4254.775 
4255-765 
4316.945 
4322.230 
4359.082 
4370.810 
4409.346 
4515.161 
4553.576 
200 
200 
500 
200 
10* 
200 
60 
200 
300 
200 
500 
2000 
200 
150 
200 
200 
200 
500 
r62861 
[68942 
22960 
58961 
61051 
54304 
61374 
68283 
63011 
60586 
53720 
("71763 
[53715 
53720 
58961 
58961 
61214 
24332 
48900 
52517 
38342 
93436 
47228 
34784 
37077 
30392 
37516 
34575 
39378 
37077 
30224 
48272 "I 
30224 J 
30562 
35831 
35831 
38342 
47005 
26759 
30562 
-84.9 
+156.3 
-96.2 
-93.3 
+3.2 
-81.6 
+35 
-20 
-91.2 
0 
+29.4 
0 
-108.2 
0 
-83 
+156.3 
+ 10 
0 
+ Out of 57 lines reported, IS in 26 lines were reported 
by Pushpa M. Rao, Ph. D. Thesis, Bombay University, Bombay 
<1990) Measurements in all these 26 lines were reported and 
isotope shi-ft values in 11 lines were revised. 
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shi-ft value oi -84.4 mK and in our hollow cathode discharge we 
have not observed any transition involving upper level beyond 
72,000 cm*. Fawcett and Wilson Cll] have the same 
classification given by us for the lines at 4077.276 A and 
4255.765 A. For the line at 4255.765 A the observed small 
13 
positive shift confirms the classification (53715 -f sp -
30224 f^ 'ds) because with the other possible classification 
the line should show negative isotope shift. 
5.3.2 Term Shift in the Energy Levels of Yb 
Using the isotope shift date obtained in fifty seven 
spectral lines of Yb II, we have evaluated the term shift AT 
( Yb - Yb) for the even and odd parity energy levels of 
Yb , and these ars presented in Table 5.4 and Table 5.5 
respectively. Term isotope shift values AT(172-176) in the 
unit of milliKayser ars given in the parentheses for various 
configurations of Yb II are given in Fig. 5.2. The transition 
arrays involving transitions from high odd leves to low even 
levels is given in Appendix HA, whereas those from high even 
levels to low odd levels is given in Appendix IIB. 
5,3.2.1 Term Shift of Even Levels 
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(xio' 
60 U 
- 1 
cm ) 
50k 
Af^'ed —To^ 
.3 (30) 
4f 6361? (195 
40r 
30^ 
20(-
10 
0 
4f '*5d 
4 f^*6s -
4f^^5d^ 
4 f ' ^5d63 
4f*^6i 
41^^65^ 
(100) 
F i g . 5 . 2 AT(:i72-176) v a l u e s i n the u n i t of m i l l i R a y s e r a r e g i v e n 
in t h e p a r e n t h e s e s f o r v a r i o u s c o n f i g u r a t i o n s of Yb 11 
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The? known even con-figurations of singly ionised 
ytterbium are 4f**6s, 4f*'*5d, 4f"6s6p, 4-f"7s, 4-f*^ 5d6p, 
4-f*'*6d, 4-f*"*Bs and 4-f*'*7d; the gound state being S , 
4-f*'*6s. In the present study we have been able to evaluate 
the AT (*'^ Y^b - *^ *^ Yb) values -for 30 even levels. The AT 
values a.e wit. ......n« to th. Z.vel 6255,.0 c»-. \ ^ ^ .. 
4f*'*6d configuration; as this level has been assigned a 
14 
percentage purity of 97.5X of 4f 6d. 
The ground state ^S , 4f**6s has AT (172-176)= 101 mK. 
The level at 54304.3 cm" of 4f 7s configuration has AT = 27 
mK. We empirically evaluated the values of |y/ (0) | for n = 6 
and 7 using the Goudsmit-Fermi-Serge' formula, the electronic 
matrix elements can be related to known spectroscopic 
quantities C131 by 
^ ^' d. V o a 
lv/(0) 1^ = < l — r i — > 
•^  'ns T, *S dn 
n a n 
o 
^^ a^oFS = z 2^ / { a^ n*^ 1 (1 + 1/2) (1 + 1) 
n I t o O 
with the effective charges 2 and Z , the effective quantum 
t o 
* 
n = n - a and the quantum deffect a. The ratio of of 
IV'(O) j / |v/(0) I is in good agreement with the ratio of 
' " <SS • '7s 
AT / AT 
<Ss 78 
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,172, 17<5, 
Table 5.4 Isotope shift AT ( Yb - Yb) in the even energy-
levels of Yb II. The energy levels are taken from 
Megger COD, terms, J values and electronic 
configurations are taken from Fawcett and Wilson 
cm. 
Energy levels 
-1 
cm 
O.OG 
22960.80 
47912.31 
4B900.41 
49301.16 
49498.04 
52517.35 
53404.96 
53715.26 
53720.71 
54304.30 
56375.91 
57765.32 
58961.37 
59259.24 
59618.90 
59710.65 
Terms 
^S 
D^ 
7/2 
7/Z 
7/2 
7/2 
7/2 
F^ 
7/2 
"F 
7/2 
7/2 
^S 
F^ 
7/2 
7/2 
7/2 
5/2 
5/2 
^F 
5/2 
O 
1 
1 
1 
2 
1 
2 
2 
1 
*P 
1 
2 
1 
1 
'p 
i 
J 
1/2 
3/2 
7/2 
7/2 
9/2 
5/2 
11/2 
5/2 
7/2 
9/2 
1/2 
5/2 
9/2 
11/2 
5/2 
7/2 
3/2 
Conf. AT ( 
4f"6s 
4f"5d 
4f"656p 
4f"7s 
4f"5d6p 
4f"6s6p 
4f"5d6p 
4f"6s6p 
4+"6s6p 
4f*'656p 
i72Yt,_i7<5Yb) 
mK 
101 
0 
190 
171 
169 
168 
179 
168 
182 
179 
29 
100 
169 
69 
168 
181 
169 
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61051.06 
61214.66 
61374.49 
62559.02 
62861.27 
63647.73 
63726.83 
63944.18 
64923.11 
65199.54 
65577.11 
65950.95 
68943.65 
7/2 
7/2 
7/2 
=^D 
7/2 
V 
7/2 
7/2 
7/2 
7/2 
7/2 
7/2 
7/2 
^F 
5/2 
2 
2 
2 
2 
1 
2 
3 
2 
2 
2 
2 
7/2 
9/2 
5/2 
5/2 
1/2 
3/2 
9/2 
11/2 
9/2 
9/2 
7/2 
9/2 
9/2 
4f"5d6p 
II 
4f"5d6p 
4f"6d 
4f**5d6p 
4-f"5d6p 
4f"5d6p 
4-f *^5d6p 
4f"5d6p 
II 
II 
II 
II 
68 
76 
78 
0 
74 
60 
74 
66 
69 
84 
68 
103 
95 
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For the level at 22760. B cm"* <J= 3/2) of 4-f**5d with 
99.17. percentage purity C113, We have observed only one 
transition -for this level. As mentioned above, all our AT 
values have been derived taking AT = 0 in the level 62559 cm 
of 4f 6d as this level combines with other odd levels making 
it possible to use the transition array to evaluate AT values 
of all the levels involved in the present study. The level at 
22960.8 cm has been also assigned AT = 0 
13 
Out of 24 levels o-f 4-f 6s6p known , we have evaluated 
AT values -for 13 of these; the AT values lying mostly between 
163 mK and 182 mK (Table 5.^). As mentioned above the 
13 
coupling for the levels of 4f 6s6p is of J J type E8,9]; 
13 
the 4f -shell is LS coupled to give a total of J , the other 
two electrons are likewise LS-coupled to form a total of J 
II 
and the total J results from the addition of J and J 
I II 
The level at 47912 cm * (J= 7/2) belonging to 
13 2 3 
4f ( F ) 6s6p ( p ) has AT =195 mK. Three levels belonging 
7/2 O ^ 'a 
to (^ F ) ("'p ) at 48900 cm'* (J=7/2), 49301 cm"* (J=9/2) and 
7/'2 1 ' 
49498 cm~* (J=5/2) have AT values of 171 mK, 169 mK and 168 mK 
respectively. The level at 49498 era" has been shown by 
Fawcett and Wilson £113 to have 1.7 7. 4f*^5d6p contribution. 
Four levels belonging to (^ F ) (^p ) at 52517 cm"* 
7/2 2 
135 
(J=ll/2), 53404 cm'* (J=5/2), 53715 cm"* (J=7/2) and 53720 
cm"* (J=9/2) have AT around 180 mK (the level 53404 cm"* which 
has AT % 170 mK). All these five levels having AT oi about 180 
2 
mK have shown t o have a c o n f i g u r a t i o n m i x i n g w i t h < F )5d6p 
(*P ) o f about 47.: t h e l e v e l a t 53404 cm"* w i t h AT = 170 mK 
2 
13 
shown to have no contribution from 4f 5d6p C91. But Fawcett 
and Wilson L113 have indicated about 27. contribution from 
2 3 
( F ) 5d6p ( p > f o r a l l t h e f i v e l e v e l s . The l e v e l s a t 
7/2 2 
57765.32 cm~*(J= 7/2) belong to <^ F )6s6p (^P ) has AT i^ 165 
^ 7/2 1 
13 
mK, but this level has been shown to have 35.7 '/. 4f 5d6p 
(^F ) (*P ) by Fawcett and Wilson CUD. With this large 
7/2 1 
13 
contribution from 4f 5d6p , the AT value of the level at 
57765 cm (J=9/2) should have been much smaller than 165 mK 
13 2 3 
measured presently- The three levels of 4f ( F )656p( P ) 
5/2 "^  1 
at 59259 cm'* (J=5/2) , 59618 cm"* (J=7/2)and 59710 cm"* 
(J=3/2) have respectively AT values of 168, 181 and 169 mK. 
The level 59618 cm has a percentage of leading term of 657. 
2 1 
with 15X contribution from ( F ) ( P ) whereas the other two 
7/2 1 
have 787. and 827. of (^F ) (^P ) [93. Fawcet and Wilson have 
5/2 1 
2 3 —1 
shown leading percentage of 86 % ( F ) ( P ) for 59618 cm 
^ 7/2 1 
whereas for the two levels at 59259 cm and 59710 cm , they 
show leading percentage of 79.7 7. and 80.7 '/. respectively. 
13 
The AT values of the 13 levels of 4f 5d6p involved in 
the present studies are given in Table 5.A. The three levels 
136 
of 4 f " ( * F )5d6p(^F ) a t 58961 cm'* (J = l l / 2 ) , 61051 cm"* 
7-'2 2 
(J=7/2)and 61214 cm"* (J=9/2) have respectively AT values of 
51, 6B and 76 mK. It should be noted that as the percentage 
of (^F ) ('F ) goes down (the contribution of <^ F ) (*D ) 
7/2 2 7/2 2 
increasing > the values o-f AT increases. The level at 56375 
cm (J=5/2)has been shown to have a contribution o-f about 
20y. of 4f*^(V )6s6p <*P ) tin and this is reflected in 
7/2 1 
rather large value of AT = 100 mK for this level. The level 
at 65950 cm"* (J=9/2)has AT = 103 mK but the theoretical 
calculation indicates no configuration mixing till. Our AT 
value suggests that the level at 65950 cm has about 20 7. 
13 
contribution from 4f 6s6p configuration. 
5.3.2.2 Term Shifts of the Odd Parity Levels 
AT values evaluated presently for some of the levels of 
odd configurations 4f 6s , 4f 6p, 4f 5d6s and 4f 5d are 
presented in Table 5.S-
There are two levels of 4f*^(^F) 6s^ at 21418 cm~* (J= 
7/2) and 31568 cm"* (J= 5/2), and the AT values are 
respectively 283 mK and 288 mK. The level at 21418 cm~* has 
13 2 
been shown to have IX contribution of 4f 5d whereas -for 
31568 cm level 77i contribution of 4f 5d6s configuration has 
137 
Table 5.6 Isotope shift AT (*^ *Yb - *^"Yb) in the odd parity 
lE'vels of singly ionised ytterbium (Yb II). The 
energy levels are taken from Meggers C8], terms, J 
values and electronic configurations are taken 
Fawcett and Wilson Clll. 
Energy levels 
-i 
cm 
Term J Conf. ATC^^^Yb-^^'Yb) 
otK 
21418.75 
26759.02 
27061.82 
28757.98 
30224.33 
30392.23 
30562.79 
31568.08 
31979.90 
32371.10 
33052.29 
33494.68 
34575.37 
34784.95 
35831.68 
^F 
7 /2 
7 / 2 
^P 
7 / 2 
7 / 2 
" P 
7 / 2 
5 / 2 
7 / 2 
7 / 2 
"F 
7 / 2 
^F 
7 / 2 
^F 
S / 2 
7 / 2 
7 / 2 
7 / 2 
9 / 2 
7 / 2 
11/2 
11/2 
9 / 2 
5 / 2 
5 / 2 
7 / 2 
P / 2 
1 / 2 
1 1 / 2 
p / 2 
7 / 2 
5 / 2 
1 / 2 
3 / 2 
9 / 2 
3 / 2 
11 /2 
5 / 2 
7 / 2 
5 / 2 
9 / 2 
7 / 2 
3 / 2 
11 /2 
11 /2 
4f 6s 
4 f *^5d6s 
4 f " 6 p 
4 f " 5 d 6 s 
I I 
4f 6p 
4 f " 5 d 6 s 
4 f 6s 
2 8 3 
180 
19 
169 
183 
28 
179 
2 8 3 
174 
182 
179 
177 
145 
165 
179 
138 
37077 .57 ^F *D 5 /2 " 160 
7 / 2 5 / 2 
37516 .59 ^F *D 7 /2 " 160 
7 / 2 7 / 2 
38342.02 ^F *D 9 / 2 " 159 
7 / 2 P / 2 
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been indicated C93. Fawcett and Wilson CI 13 have shown the 
same amount o^ mi>;ing for 2141B cm , but -for the level at 
31568 cm~* they have given only 2.2"/. contribution -from 
4f*^5d6s. 
The levels oi 4f 5d65 and 4f 5d result from J L 
I II 
13 
coupling. The 4f shell is LS-coupled to give a total J , 
the K value results from coupling of the resultant orbital 
angular momentum L of the two outer electrons to the core 
J-value, then the spins o-f the outer electrons aire coupled to 
S which is finally coupled to K to form the total J of the 
configuration. 
The three levels of 4f*^(^F )5d6s (^ D ) at 26759 
7/Z 3/Z 
cm"* (J=5/2>, 2S757 cm"* (J=7/2) and 33653 cm"* (J = l/2) have 
respectively AT value of 180 mK and 169 mK and 172 mK. Fawcett 
and Wilson till have shown that the level at 2B757 cm has 
7-IX contribution from 4f 6p and our AT value is indicative 
of that. The two levels at 30224 cm"* (J=9/2) and 30562 cm"* 
(J=ll/2) have? respectively AT values of 183 mK and 179 mK. 
Fawcett and VJilson Cll] have given the leading percentage of 
4f*^5d6s (^ F ) (^D ) as 97.2 7. for 30224 cm~* and 30562 
7/2 11/Z 
cm levels. We have measured isotope shift in 3305.76 A 
(61873-31631) but as isotope shift in no other transition 
involving 61873 cm was measured, we could not evaluate AT 
140 
value for 31631 cm . This level at 31631 cm (J= 13/2) have 
been assigned to 100 7. 4f*^5d6s (^F- ) (^D ). Two levels 
7/2 11/2 
at 31979 cm'* (J=7/2), and 32371 cm"* (J=5/2) have AT value o-f 
174 mK, and 182 mK and belong to 4f*^5d6s (^ F ) (^ D ). The 
7/Z 5/Z 
levels at 33052 cm"* (J=9/2) , 34389 cm"* (J=5/2) and 35059 
—1 2 3 
cm (J = 7/2), have been assigned to < F ) ( D ) , and AT 
7/2 7/2 
values are 179 mK, 188 mK and 179 mK respectively; with AT 
value of IBS mK being the largest value -for a level o-f 
4-f*^ 5d6s configuration. The levels at 33494 cm"* (J=7/2) , 
35019 cm"* (J=9/2) and 35831 cm'* (J=ll/2) assigned to (^ F > 
7/2 
(^ D ), have AT values of^  177 mK, 188 mK and 179 mK 
<>/2 " 
respectively. 
The level at 34575 cm" has AT = 145 mK and the leading 
percentage?5 are 41.5 "/. (^ F ) (^ D ) and 32.1 X <^ F ) 
5/2 1/2 7/2 
( D ) , in addition it has been shown to have 12.5 '/. 
3/2 
14 2 
4f 6p ( P ) . The low value o+ AT is indicative of the 
1 
configuration mixing. The levels at 34784 cm (J=li/2) has 
AT=165 mK, whereas 37516 cm"* (J=7/2) and 38342 cm"* (J=9/2) 
levels have AT=160 mK. All these four levels have been 
assigned to (V ) (*D ), <¥ ) (*D ), <^ F ) (*D ) 
7 / 2 1 1 / 2 7 / 2 5 / 2 ' 7 / 2 7 / 2 
2 1 
and ( F ) < D ) . As can be seen from above the levels 
7/2 7/2 
Z 3 belonging to ( F ) ( D ) have an average AT value of about 
7/2 J ^ 
179 mK whereas the levels assigned to ( F ) (*D ) have an 
7/2 J 
average AT value of 160 mK. This difference in AT is 
1 4 1 
indicative o-f different jv^^O)! values for the levels 
Z 3 Z 
belonging to ( F ) ( D ) and ( F 
) ( D ). 
z J 
Due to relativistic effects (in high Z elemnts) on the 
p -wave function, whost. small Dirac components of a radial 
s-wave function and thus ev;hibit a nuclear volume effect. 
Therefore, it is expected that the isotope shifts in 
Z 2 2 2 t r a n s i t i o n s i D ( n s S - np P ) and D ( n s S - P ) 
1 1/2 1/2 2 1/2 3/2 
will be dUFfernt: the field shift in D line will be smaller 
1 
than in D line. Experimentally we find that isotope shift in 
2 
D line is larger than that in D line. The experimental 
1 ^ Z 
verification of thos effect was first shown in the case of Ba 
E14D and then also in Fr E15D and Pb C16I]. The isotope shift 
carried out in D , D , D and D lines of Yb (Fiq. i page 
1 2 1 2 zi r- a 
159, thes values were reported by Ahmad et al C4I1 are shown in 
the table of the abstact. As can be seen from the value of 
isotope shift from table, we find that isotope shift in D 
line is larger than in D line, which is contradictory to 
expectation and unlike that in the case o f Ba [14], Fr E15] 
and Pb Cl<b3. According to theoretical calculation by Torbohm 
et al tl73 with relativistic Dirac-Fock calculations the ratio 
of field shift in D and D line should be 0.967. This 
1 2 
descrepancy is explained as due to purturbation and slight 
2 2 14 
mixing of configurations in P and P of 4f 6p. Fawcett 
1/2 3/2 
2 
and Wilson Cll] have shown that P has admixture of 19.4 '/. 
1/2 
142 
13 Z 
a-f 4-f 5d6s whereas P having 36.1 'L contribution of 
13 13 - Z 4-f 5 d 6 s . The c o n t r i b u t i o n -from 4 f b d 6 s t o AT v a l u e o-f P 
1/2 
and P is estimated to be 33 mK and 65 mK respectively. But 
3/2 
2 
AT value ev<3luated in present study is AT( P ) = 19 mK and 
1X2 
AT( P ) = 2B mK. These values suggest that some how Fawcett 
3/2 
and Wilson [11] have over estimated the contribution -from 
13 
4f 5d6s. According to present AT values the contribution -from 
13 2 4-f 5d6s is estimated to be less than 1071 for P , whereas i/z 
2 13 f o r P t h e c o n t r i b u t i o n o f 4 f 5 d 6 s i s e s t i m a t e d t o be 
3 / 2 
a r o u n d 16 '/• 
13 2 
The o n l y l e v e l o f 4 f 5d e n c o u n t e r e d i n t h e p r e s e n t 
s t u d v i s a t 4 7 6 6 3 cm'* ( J - 9 / 2 ) , a s s i g n e d t o (^F ) (^F ) 
7/2 11/2 
in C i 1 li, and AT = 42 mK has been obtained for this level. 
5.3.3 AT values of the Odd and Even Configurations of Yb II 
On the basis of results and discussion presented under 
sections.2, we have obtained fallowing AT values for pure 
configurations of Yb II 
Even configurations AT (^ ^^ Yb-*^ **Yb) (mK) 
4f*'*6s 100 
4f*'*75 30 
U3 
4 f " 5 d 
4-f*^6s6p 
4f*^5d6p 
~0 
195 
60 
Odd c o n f i g u r a t i o n s 
4 f " 6 p 
1 / 2 
3 / 2 
4^ 6s 
4-f*^5d6s 
4f^^5d" 
(^D) 
(*D) 
AT(*^^Yb-*''*'Yb) <mK) 
19 
28 
290 
180 
160 
45 
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CHAPTER VI 
ISOTOPE SHIFT STUDIES IN THE EVEN PARITY 
LEVELS DP GADOLINIUM ATOM <Gd I) 
147 
6.1. Introduction 
The -first precise and exhaustive measurement o-f 
gadolinium spectrum was conducted by King CI], where he 
classified the lines into different temperature classes. His 
temperature classes I, IA, II, IIA, III, IIIA, IV, IVA and V 
mostly correspond to Gd I lines. He gave wavelengths and 
temperature classification for 775 Bd lines in the range 
2135-10667 A. Albertson C2,31 was the first to start the 
analysis of Gd I spectrum and he could identify the levels of 
the ground term D CJ=2-6D and 30 even levels combining with 
them. Based on frequency differences, intensities and the 
temperature classification of King, Russell C4D could identify 
7 2 
many odd levels belonging to the configurations 4f 5d65 , 
7 2 7 7 E 
4f 5d 6s, 4f 5d6s7s, 4f 6s 7s and even parity levels belonging 
7 2 7 7 2 
to the configurations 4f 6s 6p, 4f 5d6s6p and 4f 5d 6p. He 
found 198 even levels. Russell classified 1217 out of 3100 Gd 
I lines appearing in King's list. Pinnington C5D revised the 
assignment given by Russell for some levels and located one 
7 
new even c o n f i g u r a t i o n 4f 5d6s6p. van K l e e f e t a l C6,7D 
e s t a b l i s h e d t h e l e v e l s b e l o n g i n g t o t h e odd c o n f i g u r a t i o n s 
7 3 7 2 7 2 8 
namely 4f 5d , 4f 6s6p , 4f 5d 7s and 4f 6s6p and the even 
B 2 6 6 
configurations 4f 6s , 4f 5d6s and 4f 6s7s. Blaise et al 
C8,9,10,l have greatly contributed to the analysis of Gd I 
spectrum by identifying a large number of energy levels 
14 S 
belonging to dif-ferent configurations. 
Isotope Shi-ft measurement in godolinium spectra was 
initiated by Klinkenberg Ell] where he reported that four 
prominent lines of gadolinium spectrum had each three 
components. They were eventually identified as belonging to 
iStf 138 
the even isotopes of gadolinium, namely Gd, Gd and 
Gd. Brix 1.123 and later Brix and Engler C13] studied 
isotope shifts in a large number of lines of Gd I and Gd II 
using natural gadolinium samples and a Fabry-Perot 
interferometer crossed with spectrograph. They 
evaluatedisDtope shifts AT(156-158) for lower odd levels of 
7 2 7 Z 
4f 5d6s and 4f 5d 6s configurations and for the high even 
7 7 Z 
levels of 4f 5d6s6p and 4f 5d 6p configurations. Murakawa C143 
was the first to report the isotope shifts between two rare 
even isotopes of gadolinium, Gd and Gd (natural abundance 
0.207. and 2.157. respectively). Accurate values for the 
relative isotope shifts involving all the five stable even 
isotopes of gadolinium were reported by Kopfermann et al [153 
who investigated the isotope shifts in nine lines of Gd I 
between 5010A and 5620 A and ten lines between 4100 A and 4900 
A using samples enriched in Gd and Gd. Ahmad et al C163 
measured isotope shifts in 94 lines in Gd I spectra between 
3930 A and 4:140 A. Most of the lines studied by them belong to 
7 7 2 7 2 7 Z 
t r a n s i t i o n s of the type f dsp-f ds , f d p—f ds and 
149 
f^d^p-f^'dS. The levels at 32157.092 cm"* and 36203.602 cm"* 
7 
previously assigned to i dsp configuration 171 were reassigned 
by Ahmad et al C16D to the f d P configuration. They [16D 
evaluated AT for 62 even and 18 low odd levels. Ahmad et el 
L172 measured isotope shift Aa(156-160) inl5 3 lines of Gd I 
and Gd II spectra in the region 4140-4535 A. They classified a 
large numbers of lines on the basis of their isotope shift 
measurements. They studied the transitions between high odd 
levels of 4f 6s6p, 4f 5d6s7s and 4f 5d to low even levels of 
B 2 7 7 2 
4f 6s , 4f 5d6s6p and 4f 6s 6p. They had found 16 new lines 
and assigned classifications to these lines. Ahmad et al 
CIB] had evaluated isotope shifts AT (156-160) for 52 odd and 
90 even enrgy levels from the measurements carried out in 166 
lines of Gd I in the region 4535-4975 A. Earlier studies of 
Buwa tl9] and Brix et al C13] provided isotope shift data for 
just two lines in this region. They CIS] confirmed the 
electronic configuration assignments of Blaise et al [93 and 
van Kleef et al C73 in many cases and also suggested 
configuration mixing in some cases, configuration assignments 
were revised for three levels. Kronfeldt C203 had observed 
J-dependence of isotope shift in the D term of 4f''5d6s* 
configuration. They reported isotope shifts between the six 
stable Bd isotopes (154,155,156,157,158,160) in a few lines in 
the region 5752-6114 A by means of the doppler-reduced laser 
induced flourescence (LIF) using a ring dye laser. They 
150 
7 7 Z 
studied the transitions from 4f 5d6s6p to 4f 5d6s . Recently 
very accurate isotope shifts and HFS measurement in 16 lines 
o-f Gd I have been carried out by Jin et al C21] by col linear 
-Fast beam laser spectroscopy involving stable isotope with 
A=152-160 in the region 5802 -5856 A. They have studied the 
same transitions as mentioned in L201 and confirmed some of 
the measurements of C203. They have also studied 10 new 
transitions. Kronfeldt and Klemz [22] reported isotope shifts 
in 11 lines in region 5876-5923 A in transition of the type 
7 2 7 
4f 5d 6s -4f 5d6s6p to see J dependance of isotope shifts in 
11 7 2 
term F of 4f 5d 6s configuration between six stable Bd 
isotopes. 
The present work was planned to extend the region of 
isotope shift investigations to ultrviolet. The present 
isotope shift studies in Gd I were taken up in order to 
evaluate AT values of even levels and to verify the earlier 
configurations assigned and also to suggest possible 
configurations to unassigned levels and to check the 
configuration mixing calculations reported for energy levels 
7 8 
of 4f 5d6s6p and 4f 5d6s. 
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6.2. Expsrimental 
Isotope shift measurements were carried out on a 
photoelectric recording Fabry-Perot spoectrometer described in 
chapter 3. Highly enriched isotopic samples Bd (94X> and 
^^ '^ Gd (967.) were excited in liquid air cooled hollow cathodes. 
The isotopes were used either as a mixture of two 
isotopes <1:0.7) or separately (in the source exchange 
technique). Some of the transitions with complex structure 
were recorded with the single isotope Qd to ascertain 
whether there was any other close lying line appearing 
alongwith the line of interest. The percentage abundance of 
the isotopes are given in Table 6.1 
Table 6.1 Percentage abundance of isotopes in gadolinium 
samples used 
Samples V. Abundance of iso?:opes 
152 154 155 156 157 15B 160 
Natural 0.20 2.15 14.73 20.47 15.68 24.87 21.90 
S("*Gd) 0.05 0.13 1.99 93.58 2.57 1.27 0.46 
S(*'**Gd) 0.02 0.02 0.18 0.33 0.44 0.94 98.10 
152 
6.3 Results and discussian 
6.3.1 Isotops Shfit Measurements in Gd I Transitions 
In the present investigations isotope shifts ACT 
(156-160) were measured in 70 lines o-f Bd I in the region 
3290-3950 A C23D. Thes lines are given in column 1, of the 
Table 6.2. The wavelength values are taken from King CID. 
There is only one line at 3907.12 A whose wavelength is taken 
from M. I. T C24D. The intensity is given in column 2 as 
observed in hollow cathode lamp. The maximum intensity is 
given to a line at 3866.98 A. The classifications are taken 
from Russell C4I1 and Meggers et al C251. It is given in column 
3. Out of the 70 lines investigated presently, 15 are 
unclassified, these have been classificified by us, making use 
of the energy level listing of Blaise et al C9D and van Kleef 
et al C73 and a simple computer programme. These lines are 
marked with astrikes in column 3. Four lines could not be 
assigned to any classification but they all belong to the 
King's El] temprature classes I, IIA, IV, and IVA and are 
expected to belong to the Bd I spectrum, that is why these 
lines are included in Table 6.2. The measured isotope shifts 
ACT(156-160) for all lines are given in column 4, in units of 
mK (1 mK = 10 cm ). The sign of the isotope shift is based 
on the usual convention. Accuracy of the measurement is 
153 
Table 6.2 Isotope shift Aa(*'*'Gci - ***^ Gd) in neutral 
gadolinium atom in the range 3290 - 3950 A. 
Wavelength values are taken from King C13, 
classification is taken from H. N. Russel C4D and 
Meggers et alC25]. 
Wavelength 
A 
1 
Int. 
O 
JC 
Classif 
Odd 
level 
3 
ication 
Even 
level 
Acr(*=*'Gd-*'^ Gd) 
mK 
4 
3291.484 
3361.724* 
3382.228* 
3411.016 
3486.195 
3497.090 
3513.654 
3525.147 
3527.5 
3534.030 
3537.076* 
3548.98* 
3578.88* 
3582.01* 
70 
65 
48 
150 
130 
90 
250 
120 
-TO 
37 
70 
41 
70 
230 
1719 
1719 
0 
999 
533 
533 
999 
999 
7234 
1719 
7426 
1719 
32092 
31457 
29557 
30308 
29209 
29120 
29451 
29359 
-
-
35498 
29888 
35360 
29628 
-139.5 
-124.5 
-123.7 
-86.5 
-125.5 
-104 
-101.4 
-115 
-53 
-169.2 
-138 
-134.5 
-44.3 
-153 
154 
35B3.65 
3604.87 
3606.98 
3611.40* 
3658.188 
3674.05 
3679.21 
3684.13 
3686.422* 
3713.57 
3715.92 
3717.48 
3726.57 
3732.67 
3739.70 
3744.83 
3757.94 
3759.98 
3760.47 
3762.20 
3771.26 
3773.45 
3783.05 
3787.15 
70 
80 
250 
50 
200 
50 
200 
85 
200 
55 
200 
80 
240 
85 
100 
180 
200 
200 
80 
60 
170 
150 
67 
270 
40 
215 
532 
1719 
533 
533 
215 
0 
0 
215 
215 
533 
215 
533 
999 
1719 
533 
0 
7562 
999 
533 
7654 
999 
0 
28112 
28414 
29451 
-
28215 
27861 
-
27245 
27136 
27118 
27136 
27119 
27245 
27042 
27316 
27731 
28415 
27136 
26588 
37414 
27572 
27042 
34147 
27425 
26397 
-154 
-133.8 
-104.8 
-51 
-106.4 
-162.4 
-111 
-111 
-64.3 
-108.6 
-66 
-107.3 
-68.2 
-108 
-110 
-102.5 
-139.2 
-67.4 
-120.6 
-93 
-105.4 
-107.7 
-91.3 
-69.7 
-67.2 
155 
3789.66* 
3790.63 
3795.75 
3804.39 
3824.15 
3825.68* 
3826.56* 
3832.97 
3838.9 
3839.16* 
3840.265 
3843.275 
3846.49 
3851.68* 
3858.45 
3866.98 
3873.57 
3874.46 
3887.734 
3888.931 
3890.424 
3892.723 
3897.321 
3902.709 
3904.290 
35 
120 
150 
98 
70 
30 
30 
150 
95 
62 
170 
300 
120 
50 
88 
350 
130 
150 
130 
120 
110 
33 
60 
280 
150 
7562 
215 
999 
7427 
7562 
13962 
7426 
533 
999 
7562 
215 
1719 
6976 
6976 
6976 
1719 
6976 
533 
533 
36653 
7234 
7103 
7234 
999 
215 
33942 
26588 
27337 
33705 
33705 
40058 
33552 
26615 
27041 
33602 
26248 
27713 
32967 
32931 
32886 
27572 
32785 
26336 
26248 
10947 
32931 
32785 
32886 
26615 
35821 
-138 
-119.7 
-109.1 
-102.9 
-104.5 
-47.6 
-138 
-133.8 
-118.3 
-120.2 
-129.4 
-103.1 
-146.3 
-139.8 
-132.2 
-108.8 
-132.3 
-127 
-127.5 
-44 
-141.8 
-48. 6 
-133.2 
0 
-123.2 
15fi 
3905.646 
3907. 12""* 
3909.25 
3909.940 
3911.619 
3912.75 
340 
65 
110 
110 
65 
48 
1719 
6976 
6976 
533 
7426 
1719 
27316 
32563 
32549 
26100 
32984 
32092 
-110 .4 
- 89 .1 
- 1 2 0 . 5 
-65 
-141 
-135 .7 
* C I a s s i - f i c a t i o n g i v e n by us 
a Wavelength t a k e n -from M, I . T 
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normally of the order of 3 mK. 
6.3.2 Isotope Shifts AT (156-160) in the Enargy Levels of 
Gd I 
AT (156-160) values of high even levels of 6d I have 
been evaluated using our isotope shift values given in Table 
6.3 and AT of low odd levels in Table 6.4 as given by Ahmad et 
al CIS]. The low odd levels of neutral gadolinium involved in 
7 2 7 Z 
our present study belong to the 4f 5d6s and 4f 5d 65 
7 2 7 2 
configurations. The AT values of 4f 5d6s and 4f 5d 6s 
rtinfigurations are respectively aroud 172 mK and 87 mK (see 
Table 6.4). Only one high odd level (40058.095 cm"*) it 
involved in the present investigation involving the transition 
4005B-13926 and its AT value is 130 mK. There are 47 even 
levels involved in the present investigation and we have 
evaluated AT values for 25 even parity levels for the first 
time, 13 of these levels belong to 4f 5d6s6p configuration, 11 
7 2 8 
levels bE'long to 4f 5d 6p and 19 levels to 4f 5d6s 
configurations respectively; 3 levels are unassigned. One 
level at 32785.115 cm~*(J=4) has been assigned to (4f'5d^6p + 
7 
4f 5d6s6p) mixed configuration. 
The isotope shift AT(156-160) of all the even parity 
158 
energy levels giving rise to the classi-fied lines o-f 6d I in 
Table 6.2 are given in Table 6.3. Column 1 of Table 6.3 gives 
the energy level values in unit of cm , column 2 gives the J 
values. The terms values are given in column 3. The 
cofigurations assigned to the levels are given in column 4. 
The isotope shi-ft AT measured in present investigation for 
these levels are given in column o. The energy levels, J 
values, terms and configurations are taken -from C26]. 
The expected values of the isotope shift AT(156-160) for 
the different configurations of Gd 1 are given in Fig 6.1. 
The position of each configuration in the figure gives the 
lowest energy level known for that particular configuration. 
The transition arrays involving transitions from low odd 
levels to high even levels is given in Appendix 
III. AT(156-160) is taken as mean AT of different eneryy 
levels of that configuration, studied either in the present 
work or in the earlier works C16, 17, 18D. 
6.3.3 Term Shift AT(156-160) of the Known ConfIgurationB o-f 
6d I 
The AT(156-160) of different configurations of Gd I, 
derived from the presen work as well as earlier studies C16, 
159 
40000 
30.000 
20,000 
10.000 
(90) f'ss-
(180) 
Fig. 6.1 Isotope shift AT(156-160) in electronic configuration 
(in paraentheses) and transitions (along the line) of 
Gd I. The principal quantum number (n) of f. d, p and 
3 electrons are 4, 5. 6 and 6 respectively; for s', n 
- 7 
ICO 
17, 18D are summarised below: 
AT <4f^5d6s*> = 180 mK 
AT (4-f"'5d^ 6s) = 65 to 85 mK 
AT (4f^5d6s6p) = 95 to 110 mK 
AT (4f^5d^6p) = 0 to 25 mK 
AT (4-f*5d6s) = 60 to 80 mK 
6.3.4 Comments on the ABsiQned Configurations of 6d I on th« 
Basis of Isotope Shift Studies 
We have evaluated AT values of 13 levels belonging to 
4f 5d6s6p con-figuration. Out of these 5 levels have been 
reported in the earlier work C17D. The levels at 26397 
cm"*(J=2) 27135 cm~*(J=3), 27425 cm"* (J=4), 30307 cm~* (J=4) 
and 35360 cm (J=3) studied presently have AT values between 
85 mK and 134 mK. The AT values confirm their assignments to 
7 
the 4f 5d6s6p configurationand also reflect on the degree of 
configuration purity of these levels. The four levels at 26866 
cm~*(J=4), 27731 cm"*(J=5), 29119 cm~*(J=5) and 29451 
cm" (J=5) have AT values of 64 mK, 70 mK, 68 mK and 70 mK 
respectivly suggesting that considerable mixing of 4f'5d^6p 
configuration in these levels. Four levels at 26247 cm"*(J=3), 
26588 cm"^(J=2), 26615 cm~*(J=5) and 29358 cm"*(J=4) have AT 
ICl 
values of 47, 52, 38 and 57 mK rspectively, indicating mixing 
o-f 4f'^ 5d^ 6F> configuration -for these levels also. 
7 Z 
We have evaluated AT for 11 levels belonginQ to 4f 5d 6p 
configuration. AT values for all the levels have been 
reported by earlier workers C17, IS] except for one level at 
34951.016 cm" (J=5), which has tentative assignment of 
4f^5d^6p. We have evaluated AT = 127 mK for this level. AT 
7 
value suggests that the level may have predominantly 4f 5d6s6p 
configuration. 
Out of 19 levels belonging to the f ds configuration 
studied presently, 7 are given tentative assignment to these 
levels. Out of these 19 levels 7 levels have been reported 
earlier Ci6, IBl. The AT values for most of the levels lie 
between 21 mK to 65 mK. The tentative assignment of 6 levels 
to 4f 5d6s configuration could be confirmed on the basis of AT 
values evaluated for these levels. One level at 32563 cm 
(J=5) tentative assigned to 4f 5d6s is revised by us, as AT for 
this level is 84 mK which is high compared to average value 
AT(4f®5d6s> = 70 mK. We have assigned this level to (4f^5d6s6p 
7 2 
+ 4f 5d 6p). Three unassigned even levels are at 29557 
cm~*(J=l), 33704 cm'*(J=3>and 34147 cm"*(J=2). We have 
evaluated AT for only one odd level at 40058 cm~*(J=5), which 
has no assignment. 
IG 
Table 6.3 Isotope shift AT (156-160) in the even energy levels 
o-f neutral gadolinium (Bd I). 
Energy levels J Terms Conf. AT(156-160) mK 
-1 
cm Earlier Present 
work C16-183 studies 
1 
25820.720 
26247.609 
26335.661 
26397.535 
26588.338 
26615.044 
26866.385 
27041.751 
27118-725 
27135.695 
27315.791 
27336.898 
27425.245 
27571.672 
27704.965 
27731.202 
27861.093 
28111.670 
2 
4 
3 
5 
2 
5 
4 
3 
2 
o 
5 
6 
4 
5 
4 
5 
3 
4 
3 
^G 
=P 
^D 
=D 
'P 
V 
V 
'^F 
'^F 
^P 
**F 
^F 
^P 
^G 
^D 
^P 
"F 
"F 
4 
f^ds 
f®ds 
f«ds 
f^dsp 
f'^ dsp 
f dsp 
f'^ dsp 
f^ds 
f«ds 
•f^dsp 
f^ds 
f«ds 
f^dsp 
f*ds 
f^ds 
f dsp 
f d p 
f d p 
5 
46 
42 
63 
67 
62 
11 
16 
6 
49 
47 
45 
105 
52 
38 
64 
54 
65 
106 
62 
63 
104 
67 
60 
70 
11 
18 
IG3 
28215.140 
28414.925 
29119.955 
29209.220 
29358. 62E) 
29451.356 
29557.785 
29628.388 
29888.205 
30307.480 
30891.658 
31457.179 
32091.730 
32272.125 
32549.565 
32563.597 
32785.115 
32886.276 
32931.787 
32966.862 
32984.305 
33552.455 
33602,413 
33704.627 
33942.500 
3 
5 
5 
4 
4 
5 
1 
5 
5 
4 
3 
5 
6 
3 
4 
5 
4 
4 
5 
6 
4 
3 
2 
3 
3 
''D 
V 
**F 
% 
V 
**p 
*^ F 
^G 
^H 
**P 
**F 
**F 
^F 
-
V 
-
-
-
^G 
"D 
'G 
'G 
V 
-
^G 
f"ds 
f-ds 
f^dsp 
f d p 
f^dsp 
f'^ dsp ? 
-
f d p 
+ ds 
f'dsp 
f d p 
•f d p 
•f d p 
-
f^ds 
-
-t d p 
-
f^ds ? 
•f d p 
f®ds ? 
f^ds ? 
f^ds ? 
-
f®ds ? 
50 
43 
54 
68 
23 
38 
75 
40 
50 
28 
37 
45 
81 
36 
41 
21 
66 
38 
68 
46 
57 
70 
48 
19 
38 
85 
45 
49 
33 
29 
42 
84 
36 
41 
35 
27 
37 
40 
56 
74 
39 
164 
34147.343 
34951.016 
35360.405 
35498.790 
2 
5 
3 
4 
— 
^G 
V 
V 
— 
f^d^p ? 
f^dsp 
f^ds ? 
84 
127 
134 
40 
Ib5 
Table 6.4 Isotope shift AT (156--ld>0) in the odd energy levels 
o-f neutral gadolinium. 
Energy levels 
-1 
cm 
Terms Conf AT(156-160) 
mK 
3 
0.00 
215.124 
532.977 
999.121 
1719.087 
6378.146 
6976.508 
7103.420 
7234.910 
7426.710 
7562.457 
7653.927 
40058.095*" 
o 
3 
4 
5 
6 
o 
5 
5 
4 
3 
2 
1 
5 
'D 
"F 
llr-
4f^5d6s^ 
4f^5d6s^ 
4f^5d6s^ 
4f^5d6s^ 
4f^5d6s^ 
4f^5d^65 
4f^5d6s^ 
4-f 5d^6s^ 
4f^5d6s^ 
4f'5d6s^ 
4f'^ 5d6s^  
4f"^ 5d6s^  
172 
172 
172 
172 
173 
85 
173 
91 
178 
178 
178 
178 
130 
+ Values are taken irom Ahmad et al [18]. 
a Presently measured 
1G6 
6.3.5 Comparison of AT Values with Earlier Valuas 
AT'[156-160> values -for all even levels involved in 
thepresent studies is given in Table 6.3 along with the value 
reported earlier by Ahmad et al C16, 17, 183. We have 
con-firmed most of the values reported by Ahmad et al C16, 17, 
181. As can be seen from the column 5 of the Table 6.3, there 
are differences in our AT values and those reported by Ahmad 
et al [16, 17, 181 for some of the levels. The isotope shift 
values in column 5 of the Table 6.3 were derived from isotope 
shift values in spectral lines which having very small isotope 
shift. All these levels have got transitions in the region of 
our studies and the spectral lines originating from these 
levels have large isotope shift. Therefore, from the present 
studies WE? have been able to evaluate more accurate AT values 
for these levels and the values of Ahmad et al C16, 17, 183 
get revised for the levels 27731 cm'*, 28215 cm"*, 30307 cm"*, 
32091 cm"*, 32272 cm"*, and 32966 cm"*. 
6.3.6 Configuration assignmnet of the Unassigned 
Levels of 6d I 
There are three high even levels which are unassigned 
involved in the present investigation and these levels are at 
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29557 cm'* (J=l). 33704 cm"*(J=3) and 34147 cm"*(J=2). The 
level at 29557 cm has AT values of 48 mK. We have assigned 
this level tentatively to f ds. The levels at 33704 cm and 
34147 cm" hav€» AT values of 74 mK and 84 mK respectively and 
we have assigned these levels to the mixed configuration 
(4f''5d6s6p + 4f''5d^6p>. 
16S 
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CHAPTER VII 
ISOTOPE SHIFT STUDIES IN THE EVEN AND ODD PARITY 
LEVELS OF' SINGLY-IONISED GADOLINIUM ATOM (Gd II) 
171 
7.1. Introduction 
As stated earlier the first exhaustive measurement of 
gadolinium spectrum was conducted by King CID. He classified 
the lines into different temperature classes. The spectral 
lines of gadolinium belonging to his temperature classes IV E 
and VE have been generally found to be Gd II due to 
singly-ionised gadolinium (Gd II) lines. Hoekstra and Slooten 
C2] gave more than 1B500 Gd lines in the range 2468-8752 A. 
The first analysis of Gd II spectrum by Albertson et al C33 
yielded the 4f''(®S°)5d6s*'^ D** ground term, the ("s'^ )5d6p *°F 
term, and a few other low and high even levels. Using King's 
list of more than 2600 Gd II lines, Russell CAD extended the 
7 8 O 
analysis based on the 4f ( S > core to include 137 levels 
classifying 1177 lines. Blaise and van Kleef C5D, Spector 
116.71 and Blaise et al C8] had extended the analysis further 
and identified levels based on the 4f -core configuration. 
Blaise et al L91 reported 108 odd and 70 even levels in 
addition to those reported earlier. The odd term belong to the 
7 7 2 7 2 S 
4f 5d6s, 4f 6s , 4f 5d and 4f 6p configurations; the even 
8 8 
terms have been associated with configurations 4f 6s, 4f 5d, 
4f'6s6p and 4f'5d6p. 
Isotope shift measurements in Gd II was initiated by 
Brix ElOl and Brix and Lindenberger CUD and they studied 
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isotope shifts in few lines of Gd II in the region 3100-4390 A 
tlOD and 3670-3860 A CUD. They studied the transitions of the 
7 7 7 7 7 7 2 
types: f dp - f ds, f sp - f ds and f dp - f s and they 
7 7 7 
evaluated AT values for f ds, f sp and f dp configurations. 
Thus the earlier analysis of Russell [4D for the lowest levels 
7 7 
of f ds and f sp configurations was confirmed by Brix ClOl. 
Ahmad et al C12D reported isotope shift Aa (156-160) in 38 
lines of Gd II in the region 3930-4140 A. Their investigation 
involved terms belonging to the even configurations 4f 6s, 
7 8 7 
4f 6s6p, 4f 5d and 4f 5d6p and terms of the odd configurations 
7 7 2 7 2 8 
4f 5d6s, 4f 6B , 4f 5d and 4f 6p . They reported measurments 
8 8 
for 11 classified lines belonging to f s-f p transitions. 
These include a strong line at 3664.60 A in UV region. Ahmad 
fct al E133 measured isotope shifts Aa (156-160) in 78 lines of 
6d II in the region 4140-4535 A, involving terms belonging to 
7 7 2 7 2 8 
odd configurations 4f 5d6s, 4f 6s , 4f 5d and 4f 6p and to 
8 7 B 7 
even configurations 4f 6s and 4f 6s6p, 4f 5d and 4f 5d6p. AT 
7 
values for the levels of configuration f dp agree well with 
those obtained by Brix et al [10,113. Kropp et al C14] have 
measured isotope shift in only three line in UV region 
7 7 
involving transition of the type 4f 5d6p-4f 5d6s. They had 
shown that J-dependence within a multiplet arises mainly from 
a crossed-second-order effect, which is originating from the 
field shift operator and operators of magnetic interaction. 
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The objectives oi the present studies were, firstly to 
measure isotope shi-fts Ao (156-160) in Gd II spectrum in the 
UV region and secondly to evaluate isotope shifts AT(156-160) 
of the hig!> odd levels not covered in earlier studies. 
7.2. Experimental 
The isotope shift studies were carried out with highly 
enriched isotopic samples of *'**Sd (947.) and ^*^Gd (987.) 
excited in the liquid nitrogen cooled hallow cathode using the 
recording Fabry-Perot spectrometer with etalons coated for the 
UV region (Chapter 3). The isotopes were used either as a 
mixture of the two isotopes Gd and Gd in the ratio of 
(1:0.7) or a single isotopes Gd was used to confirm the 
wavelengths of close lying lines and also to verify the 
isotope shift in some of the transitions. The percentage 
abundance of the isotopes are given in Table 7.1. Isotope 
shift AfT(156-160) of Gd II line at 3852.4 A recorded with an 
etalon of 10 mm thickness is shown in Fig. 7.1. 
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Fig, 7.1 Isotope shift Aa(156-160) of Gd II line at 3852.4 A 
recorded with an etalon of 10 am thickness, 1=32 mA, 
IS = - 105.6 mK 
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Table 7.1 Percentage abundance o-f isotopes in gadolinium 
samples used' 
Samples 7. Abundance of isotopes 
152 154 155 
Natural 0.20 2.15 14.73 
S(*'*Gd) 0.05 0.13 1.99 
SC^ '^ B^d) 0.02 0.02 0.18 
156 
20.47 
93.58 
0.33 
157 
15.68 
2.57 
0.44 
158 
24.87 
1.27 
0.94 
160 
21.90 
0.46 
98. 10 
7.3. Results and discussion 
7.3.1 Isotope Shifts Measurements in Gd II Transitions 
In the present investigation isotope shifts ACT<156-160) 
have been measured in 59 spectral lines of Gd II in the region 
3315-3923 A and these are presented in Table 7.2. Wavelength 
values (column 1) ars taken from King CI]. Intensity observed 
in hollow cathode lamp (column 2), the maximum intensity is 
given to a line at 3796.37 A. Classification (column 3) are 
taken from I! 153. In the last column, observed isotope shifts 
Aa(156-160) are given in unit of milliKayser. Earlier 
measurements of isotope shift have been reported by Brix and 
Lindenberger CUD in 17 lines in this region using natural 
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Table 7.2 Isotope shift Aa ( Gd - Gd) in singly — ionised 
gadolinium in the range 3300 - 3925 A. Wavelength 
value's are taken from King CID, classification is 
taken from H. N. Russel C43. 
Wavelength 
A 
Int. Classification 
Odd Even 
level level 
AaC^'^'Gd^*' 
mK 
Gd) 
3315.590 
3330.340 
335B.620 
3362.233 
3399.406 
3399.991 
3409.297 
3467.267 
3468.989 
3491.945 
3494.404 
3505.512 
3524.196 
3545.797 
3549.365 
55 
40 
200 
200 
20 
52 
55 
150 
120 
85 
110 
90 
100 
150 
120 
3444 
7992 
262 
633 
3082 
2856 
3427 
3427 
3444 
0 
633 
3972 
262 
1159 
1935 
33596 
38010 
30027 
30367 
32491 
32260 
32750 
32260 
32263 
28629 
29242 
32491 
28629 
29353 
30101 
-135.1 
-55.6 
-95 
-97.4 
0 
-15 
0 
-68.9 
-151.6 
-128.9 
-25 
0 
-132.1 
-94.1 
-68 
177 
3571.933 
3584.962 
3600.963 
3608.753 
3655.22 
3656.152 
3662.26 
3671.20 
3687.74" 
3697.78 
3716.36* 
3725.47 
3730.84" 
3732.45 
3733.08 
3741.91 
3743.47 
3759.00 
3767.04 
3768.39 
3770.69 
3774.30 
3782.34 
3787.56* 
3791.17 
80 
220 
60 
80 
75 
200 
120 
120 
40 
58 
42 
98 
45 
200 
30 
55 
100 
50 
120 
130 
73 
30 
55 
50 
45 
0 
1159 
8885 
9143 
1159 
0 
632 
2854 
262 
262 
9944 
3082 
632 
9944 
11670 
1159 
0 
3427 
632 
9092 
11343 
10292 
3972 
10092 
27988 
29045 
36047 
36845 
-
28502 
27298 
27864 
29966 
27298 
27162 
36778 
29878 
27418 
36724 
38386 
27865 
26595 
29965 
27162 
35605 
37830 
36723 
30367 
36461 
-81 
- 8 1 . 3 
- 6 5 . 6 
- 5 5 . 8 
- 6 9 
- 3 0 
- 6 7 . 3 
- 1 0 0 . 4 
- 9 0 . 5 
- 5 7 . 8 
- 9 9 . 9 
- 1 1 0 . 8 
- 8 8 . 3 
- 1 0 9 . 9 
- 8 9 . 9 
- 1 4 3 . 6 
- 9 4 . 5 
- 9 5 . 7 
- 1 5 0 
- 1 0 4 
- 4 4 . 9 
- 6 9 . 8 
- 5 8 . 4 
- 7 5 . 9 
- 9 7 . 6 
17S 
3792.39 
3796.37'* 
3801.29 
3805.52 
3813.97" 
3814.74 
3816.64 
3826.05 
3827.33 
3831.80 
3844.579° 
3850.69 
3852.45 
3855.56* 
3863.05 
3871.54 
3872.62 
3894.696 
3916.508 
3923.246 
58 
250 
50 
50 
120 
50 
80 
30 
40 
50 
82 
150 
150 
30 
15 
58 
30 
120 
110 
35 
12318 
262 
11343 
9092 
0 
13030 
262 
3972 
13515 
262 
1159 
632 
262 
1935 
9943 
633 
3427 
0 
4841 
4484 
38679 
26595 
37642 
35362 
26211 
39237 
26455 
30101 
39635 
26352 
27162 
26595 
26212 
27865 
35822 
26455 
29242 
25669 
30367 
29966 
-59 
-98 
-53.6 
0 
-109 
-51.3 
0 
-50.2 
-46.5 
-51.3 
-104.6 
-106.5 
-105.6 
-90. 1 
-27.6 
0 
-54.3 
0 
-136.2 
0 
B Isotope shift values are already reported by 
Brix and Lindenberger CI13. 
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isotopic sample. There ars 8 lines which are common in their 
and our investigation. There is a good agreement between our 
isotope shift values and those o-f Brix and Lindenberger CUD 
for these 8 lines. Kropp et al C14D have measured isotope 
shifts in 3 UV lines and their isotope shift value for 3671 A 
line is in agreement with our value. 
7.3.2 Term Shifts in the Energy Levels of Gd II 
We have evaluated AT(156-160) for 27 levels of high 
lying even parity energy levels, using the AT values for low 
odd levels which are taken from C12,133.These are given in 
7 7 
Table 7.3- These even levels belong to 4f 656p, 4f 5d6p, 
0 0 
4f 6s, and 4f 5d configurations. AT values for 5 even levels 
are being reported for the first time. 
The AT(156-160) values for 11 odd levels have been also 
evaluated using the AT values for low even levels which are 
taken from [12, 133. AT of all these 11 energy levels are 
being reported for the first time; 6 of these energy levels 
have been assigned to 4f 6p C16] whereas 5 levels are still 
unassigned. In Table 7.4, the values of energy levels (column 
1), their J values (column 2), terms (column 3) and 
configurations (column 4) are taken from C16D. In the last 
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column term shi-fts AT (156-160) are given in the units of 
milliKayser. Experimentally expected isotope shifts 
AT(156-160) in Gd II levels (in parenthesis) and transitions 
(along the lines) are shown in Fig.7.2. The transition arrays 
involving transitions from low odd levels to high even levels 
is given in Appendix IV. 
7.3.3 Comments on Assigned Energy Levels of Qd II 
In our present investigation 6 levels of 4f 656p 
configuration are involved and AT values are deduced from new 
isotope shift measurements in few spectral lines not 
investigated earlier. The average values of AT deduced for two 
7 7 iO 
terms of 4f 6s6p configurations arei AT(4f 6s6p, P) = 98 mK 
7 6 
and AT(4f 6s6p, P) = 86 mK, which is in agreement with the 
earlier average AT values reported by Ahmad et al tl33. The 
level at 28502 cm P has AT = 73 mK, suggesting mixing 
7 
of 4f 5d6p configuration. 
7 
4f 5d6p Configuration 
7 
There are IB levels of the 4f 5d6p configuration 
involved in the transitions studied presently. Out of which. 
w 
3Q000 
20.000 
10.000 
OL 
(0) 
(110) 
181 
(0) 
(120) 
(0) 
f'dp 
f sp 
f'd 
(90) f's 
Fig. 7.2 Eapirlcaily expected Isotope shifts ACT(158-160) in 
Gd II Levels (in parenthesis) and transitions (along the 
lines) 
IS2 
Table 7.3 IstDtope shift AT (156-160) in the even parity energy 
levels of singly—ionised gadolinium (Bd II) 
Energy levels 
-1 
cm 
1 
25668.692 
26211.912 
26351.767 
26455.446 
26595.222 
27162,224 
27297.741 
27417.652 
27864.534 
27988.074 
28502.312 
28629.017 
29045.291 
29242.250 
29353.344 
29877.937 
29965.752 
30008.894 
30027.378 
J 
2 
7/2 
5/2 
9/2 
9/2 
7/2 
9/2 
5/2 
7/2 
11/2 
7/2 
11/2 
5/2 
9/2 
7/2 
13/2 
3/2 
5/2 
7/2 
9/2 
Terms 
3 
iOp 
lOp 
'^D 
lOp 
*°F 
lOp 
*°D 
"P 
*°F 
*°D 
*°P 
«P 
*°D 
«P 
**»F 
"D 
-D 
•D 
"D 
Conf . 
4 
*%P 
f'dp 
f«s 
f^Bp 
f^dp 
f^dp 
f^ 'dp 
f% 
f^dp 
f'dp 
f^sp 
f»d 
f'dp 
f^sp 
f''dp 
f^dp 
f^ 'dp 
f^dp 
f'dp 
AT(156-160) 
fliK 
5 
100 
0 
65 
96 
12 
6 
45 
20 
5 
47 
73 
19 
19 
84 
16 
0 
2 
16 
12 
183 
30101.366 
30366.818 
32260.120 
32262.787 
32490.510 
33596.027 
36845.366 
38553.210 
11/2 
11/2 
5/2 
7/2 
7/2 
9/2 
5/2 
11/2 
lO D 
«P 
f^dp 
f^dp 
f^sp 
f^dp 
f^sp 
f^dp 
f^dp 
f^dp 
3 6 
12 
8 6 
3 0 
8 6 
47 
3 0 
0 
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AT values -for -five energy levels are being reported here for 
the -first time. For most of the levels of 4f 5d6p, our AT 
values agree well with those reported by Brix et al till and 
Ahmad et al 1123. 
There are five levels at 26211 cm"* (J=5/2), 26595 cm"* 
(J=7/2), 27162 cm"* (J==9/2) , 27864 cm"* (J=ll/2) and 29353 
cm (J=13/2) belonging to F F F and F 
terras. For a level of pure f dp configuration, AT should be 
negligible. AT values for levels 26595 cm"* (J=5/2) and 29353 
cm (J=13/2) are 12 mK and 16 mK respectively. Four levels 
belong to '"D , ^ "D , *"D . '"D terms. The AT values 
5 / 2 7 / 2 P/Z 1 1 / 2 
for all the levels are agreeing well with percentage 
composition tl63, but for one level at 27297 cm"* (J=5/2), AT 
value is high i.e, 45 mK, which indicate some mixing of f^sp. 
4 levels at 29877 cm"* (J=3/2) , 29965 cm"* (J=5/2> , 30008 cm"* 
(J=7/2) and 30027 cm'* (J=9/2) belong to "D , "D , "D 
a/z' 5/2 7/2 
and D and AT values are 0 mK, 2 mK, 16 mK and 12 mK 
P/2 
respectively. The AT values for all the levels are agreeing 
well with percentage composition execpt for one level at 30027 
cm" AT= 12 mK, shows that this level is more pure than 39yC. 
AT values for levies at 32260 cm'* (J=5/2) and 32490 cm'* 
(J=7/2) are also agreeing well. 
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Table?. 4 iBcitope shift AT (156-160) in the odd parity energy 
levels of singly—ionised gadolinium (Gd I D . 
Energy levels 
-1 
cm 
Conf, AT<156-160) Config. 
Sugges. 
mK 
35362-630 
35605.266 
35822.697 
36723.695 
36778.403 
37643.838 
37831.032 
38010.603 
38679.364 
38922.487 
39237.448 
13 /2 
11 /2 
9 / 2 
11 /2 
9 / 2 
9 / 2 
11 /2 
11 /2 
9 / 2 
5 / 2 
7 / 2 
— 
^^P 
-
i'p 
-
i% 
-
-
i% 
i% 
i% 
87 
5 4 
85 
5 
26 
32 
15 
3 1 
2 6 
2 0 
3 4 
4f 5d6s 
4 f^5d6s 
4f®6p 
4f®6p 
4f®6p 
186 
B 6 
4f 6s and 4-f 5d Configurations 
During our investigation we encountered two levels at 
26351 cm"* (J=9/2) and 27417 cm~* (J=7/2) belonging to Ai'^h^ 
and one level at 28629 cm~* (J=5/2) belonging to 4f*5d 
con-figurations respectively. AT values of these levels are in 
agreement with those of Ahmad et al L172. 
4f 6p Configuration 
Six of the odd levels of Gd* are assigned to 4f*6p. We 
confirmed the assignments of 5 levels at 35822 cm* (J=9/2), 
37643 cm"* <J=9/2) , 38679 cm"* (J=9/2) , 38922 cm"* (J=5/2) and 
39237 cm"* (J=7/2) . One level at 35605 cm"* has AT = 54 mK, 
which definetely indicates that this level has a mixed 
configuration (4f 6p + 4f 5d6s>. 
7.3.4 New Configuraticsn Assignment to Unassigned 
Odd Levels of Bd II 
There are five odd levels without configuration 
assignment for which isotope shift (AT) have been evaluated 
and all of them lie above 35,000 cm~*. The levels at 35362 
187 
cm"* (J=13/2> and 35822 cm"* (J=9/2> have AT values 87 mK and 
85 mK and these levels should belong to 4f 5d6s con-figuration. 
Three levels at 36778 cm"* (J=9/2>, 37831 cm"* (J=ll/2> and 
38010 cm'* (J=ll/2) have AT values 26 mK, 15 mK and 31 mK 
respectively belong to 4f 6p con-figuration-
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CHAPTER VIII 
ISOTQPfE SHIFT STUDIES AND ELECTRONIC CONFIGURATION 
OF HIGH LYING ENERGY LEVELS OF NEUYRAL DYSPROSIUM (Dy I) 
191 
8.1 Introduction 
The first presice measurement a-f dysprosium spectra was 
conducted by King 111. He classi-Fi.ed the lines of dysprosium 
spectra into di-fferent "temperature classes" which enabled to 
identi-fy lines -from neutral and singly-ionised Dy atom. He 
published some more measurements in 1943 [2D and later an 
edited version o-f his complete work was brought out in 1970 
The ground state I of the 4f 6s configuration of 
8 
Dy I was established by Smith and Spalding [43,by using 
atomic beam radio frequency spectroscopy. The first detailed 
analysis of the first spectrum of dysprosium was reported by 
Conway and Warden C51 and they reported 141 even and 197 odd 
10 Z 
levels of Dy I and assigned 16 levels to 4f 6s and 
P 2 
4f 5d6s configurations. Spector C6] identified 6 upper even 
P 2 
levels of tJie 4f 65 6p configuration. Camus and Masmoudi C7D 
identified 51 even and 30 odd levels from absorption studies 
in the ultraviolet region. The detailed studies carried out by 
Wyart CBD have resulted in the new identification of 208 even 
and 138 odd levels and on the basis of parametric calculations 
taking into consideration the configuration mixing, he could 
10 p 2 p 10 
assign 4f 5d6s, 4f 6p6s , 4f 5d6s6p, 4f 657s to even and 
p 2 
4f 5d 65 to the odd levels of Dy I. 
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Isotope shift (IS) studies in the spectral lines of 
dysprDsium were first reported by Murakawa and Camei C93. They 
had carried out their investigations using neutral dysprosium 
samples excited in water cooled hollow cathodes. They measured 
isotipe shift Ao (164-162) in a few lines of Dy I is of the 
- 3 -1 
order of 35>:10 cm . Subsequently Dontsov ClOl measured 
isotope shift in 52 lines of Dy I using natural samples. 
Strignov et al C113 were the first to use enriched isotopic 
samples and reported isotope shift in 30 lines of Dy I. 
Subsequent studies in some of these lines by Solovin and 
Kramer tl2;J resulted in more accurate values for the relative 
isotope shifts. 
Dekker et.al. C131 provided accurate values of relative 
isotope shifts in 6 lines of Dy I for all the isotopes, using 
enriched samples and a recording Fabry-Perot spectrometer 
equipped with computer processing. Ross C143 reported isotope 
shift in 8 lines of Dy I using enriched isotopic samples and 
he gave the relative isotope shifts of ail the even-even 
isotopes for these lines. Subsequently Ross C153 reported 
isotope shifts Aa (164-160) in 171 lines of Dy I in the 
4010-8320 A region. 
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Wyart LBl has evaluated term isotope shift AT (164-162) 
in 69 odd and 90 even parity energy levels of neutral 
dysprosium atom by comparing the measured wave numbers of the 
observed infra red lines of Dy with their computed values 
using the t^ nergy level data for Dy. Grundevik et al C163, 
Chi Ids et al [171, Hogervorst et al C181 and Zaal et al 
C193 have reported very accurate values of isotope shifts for 
all the stable isotopes of dysprosium in 31 lines of Dy I 
using cw tunable dye laser and a collimated atomic beam. 
Ahmad et.al. [20,211 have reported isotope shift studies 
in 210 lines of Dy I. They have evaluated AT (164-160) values 
of 85 even and 82 odd parity energy levels of Dy I and out of 
these, AT values for 34 odd and 52 even levels were reported 
P lO 
for the first time. They have suggested 4f 5d6s, 4f 6s6p, 
O P 2 10 
4f 5d6p, 4f 6p65 and 4f 5d65 configurations for some 
unassigned odd and even levels. They also suggested new 
P 2 lO 2 
configurations 4f 5d 6p and 4f 6p for high even energy 
levels of the neutral dysprosium atom. Ahmad et. al. C22] 
reported Aa (164-160) in BO lines of Dy I in the 3865 - 4110 A 
region. They assigned 33 even levels to 4f 5d6s6p, 2 levels to 
4f**6p65^ and 9 odd levels to 4f**5d^6s. 
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Chi Ids et.al. [233 have very accurately measured the 
isotope shifts and hyper-fine structure in a few Dy I 
transitions in the region 5576 - 6670 A by Doppler free laser 
induced fluorescence and laser—rf double resonance method. 
Using the atomic beam laser fluorescence technique Pfeufer et. 
al. C243 have reported accurate values of isotope shift of 
Dy an 12 lines involving transitions from 
low even levels to high odd levels. Lipert and Lee t251 have 
recently reported isotope shift studies in one line at 8326.1 
A of Dy I 
The present isotope shift studies in Dy I were taken up 
in order to understand the configurations of energy levels 
above 33000 cm , since the known energy levels of neutral 
dysprosium above 33000 cm have no configuration assignments 
ESI. Also isotope shift studies in UV region of Dy I spectrum 
has not been investigated. 
S.2 Experimental 
The isotope shift measurements were carried out on a 
photoelectric recording Fabry-Perot spectrometer (described in 
chapter 3). Highly enriched isotopic samples ***°Dy and ****Dy 
135 
were excited in liquid air cooled hollow cathode. The two 
isotopes were used as mixture (1: |) as well as singly in 
case 2 closeby lines were interfering. The percentage 
abundance o-f these samples ars given in the Table 8.1. 
Table 8.1 Percentage abundance of isotopes of dysprosium 
in the samples used. 
Samples 7. Abundance of isotopes 
164 163 162 161 160 158 156 
Natural 28.18 24.97 25.53 18.88 2.29 0.09 0.05 
S(^^Dy) 9B.43 1.05 0.35 0.15 0.02 0.01 0.01 
SC^ '^ D^y) 1.96 2.75 5.03 11.33 78.93 0.10 0.10 
8.3 Results and discussion 
8.3.1 Isotope Shift Measurements in Dy I Transitions 
Isotope shift in spectral lines of Dy I in UV region {\ 
< 3860 A) have not been studied; earlier study exists for only 
one line in this region. In the present investigation, isotope 
shift Aa (164 - 160) have been measured in 48 lines of Dy I in 
the region 3300 - 3865 A and these are listed in Table 8.2. 
rjB 
Table 8.2 Isotope shift Ao (**^ Dy - ^^^Dy) in some of the 
lines of natural dysprosium (Dy I) in the region 
3400-3865 A. Wavelength, intensity and classification 
are taken from Thesis of J. F. Wyart, C9]. 
Wavelength 
A 
1 
3402.008 
3433.185 
3465.585 
3564.237* 
3583.459 
3597.284 
3597.536 
3603.328 
3610.915 
3611.228 
3678.507 
3717.284* 
3720.833 
3727.999 
3734.269* 
Int. 
2 
1000 
300 
300 
1000 
300 
300 
300 
300 
300 
1000 
1000 
300 
300 
1000 
300 
Classific 
Odd 
level 
3 
9990 
29119 
8519 
-
8519 
12892 
8519 
31878 
12007 
7565 
7565 
-
26868 
9990 
~ 
ation 
Even 
level 
39376 
0 
37366 
44903 
40683 
36308 
4134 
39692 
35249 
34742 
0 
36807 
AT(***'DY-**'Dy) 
mK 
4 
-83.4 
-39.4 
-76.4 
-44.3 
-64 
-129.4 
-57.6 
-39.7 
-128.9 
-80.7 
-80.9 
-191 
•V Q 
-98 
-65.7 
197 
3739.344 
3740.063 
3741.201 
3757.053 
3767.628 
3771.106 
3772.642 
3774.713 
3780.308 
3780.943 
3781.468 
3786.826 
3797.750 
3798.732 
3799.903 
3800.2A1 
3804.352 
3804.634 
3809.822 
3812.273 
3817.532 
3819.442"* 
3821.467 
3821.879 
3823.973 
10000 
1000 
1000 
10000 
1000 
300 
1000 
1000 
300 
300 
1000 
1000 
300 
300 
300 
300 
1000 
300 
1000 
1000 
1000 
300 
1000 
1000 
300 
12892 
8519 
12655 
7565 
8519 
13495 
9990 
8519 
12007 
12655 
12007 
13495 
8519 
36308 
15194 
11673 
12007 
36365 
7565 
8519 
7565 
39627 
35249 
39376 
34147 
35053 
40005 
36490 
35003 
3B452 
39096 
38444 
39895 
34843 
9990 
41503 
37980 
38285 
10088 
33806 
34742 
33758 
8519 
8519 
12007 
34679 
34676 
38150 
-69.8 
-79.4 
-98 
-86.6 
-73.4 
-130.8 
-100 
-76 
-116 
-158 
-93.5 
-108.6 
-150.7 
-71.3 
+81.4 
-93.5 
-44 
-104 
-70 
-84.8 
-63.5 
-77.4 
-67.4 
-76.2 
-80 
198 
382A.05 
3825.638" 
3840.894" 
3843.042 
3844.363 
3847.022 
3858.404 
3862-700 
300 
1000 
1000 
300 
1000 
1000 
1000 
300 
12892 
8519 
10088 
7565 
7565 
10088 
39035 
34547 
36093 
33552 
33475 
35970 
-159.2 
-81.3 
-71 
-41 
-83.5 
-73 
-77.5 
-73.1 
+ These lines have been assigned to Dy I by Wyart t8] but no 
level classifications are available for these lines. 
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The wavelength values o-f spectral lines Bre given in column 1 
of the Table 8.2. The Intensity o-f the lines are given in 
column 2. Column 3 gives the classification of the lines. The 
wavelength values, intensities and classifications are taken 
-from C83. There are six lines without level classification in 
the thesis of Wyart C81, but Wyart has observed the Zeeman 
effect in these lines and he has assigned these lines to Dy I. 
These are listed in Table 8.2. The measured values of isotope 
shift Aa<160-164) are given in the last column, in units of 
rrd 11 iKayser . The transition arrays involving transitions from 
low odd levels to high even levels is given in Appendi>; V. 
One line at 3798.7 A has been classified CBD as 
(36308-9990) and the isotope shift for this line is -71.3 mK. 
Ahmad et al C213 have also measured a line at 4226 A from the 
same upper level at 36308 cm and reported IS = -33 mK. The 
Zeeman data for confirming the classification of the line at 
3798.7 A is not available whereas it is available for the line 
at 4226 A IBl. Therefore on the basis of measured isotope 
shift, we may infer that the classification suggested by Wyart 
LSI for the line at 3798.7 A may not be right one. 
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8.3.2 Isotope Shift AT(160-164) in Some of the Energy 
Levels of Dy I 
AT(160-164) values -for all the low odd levels are taken 
from fthmad et al [2111 and ars listed in Table 8.3. The low 
P 2 
odd levels involved in our present study belong to 4-f 5d6s . 
We have evaluated AT(160-164) -for 32 high eVen levels using 
the AT values listed in Table 8.4. The energy values, their J 
values and configuration assignments are given respectively in 
column 1, 2 and 3. Ail the energy levels, their J values are 
taken from Wyart C8]. Configurations are taken from Wyart CBj 
and and Ahmad et al C21,22II- AT values are given in column 4. 
The suggested configurations for unassigned levels on the 
basis of pres£?nt studies arB given in last column. 
8.3.3 AT(160-164) values of the Known Configurations of Dy I 
AT values of the pure configurations of Dy I from the 
present study as well as earlier studies [20,21,223 are 
summarised below: 
Even Configurations AT(160-164) 
4f^^6s" Z 
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Table 8.3 Isotope shift AT ( Dy - Dy) in the odd levels 
o-f natural dysprosium (Dy I) expressed relative to 
assumed values of Z in the ground state I (4f 6s ) 
^ 8 
Energy levels 
-1 
cm 
Conf, AT ( Dy - Dy) 
mK 
7565.600 
8519.200 
9990.950 
10088.800 
11673.490 
12007.100 
12655.129 
12892.760 
13495.918 
14367.800 
8 
7 
9 
6 
6 
8 
7 
10 
9 
7 
4f'*5d6s'' 
4f**5d6s^ 
4f*'5d6s^ 
4f'*5d6s^ 
4f**5d6s^ 
4f''5d6s^ 
4f**5d6s^ 
4f*'5d6s^ 
4f**5d6s^ 
4f^5d6s^ 
Z+79 
2+82 
Z+86 
Z+82 
Z+80 
Z+80 
2+83 
Z+90 
2+90 
2+85 
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,!«>, KM. Table B.4 Isotope shift AT ( Dy — Dy) in the even levels 
of natural dysprosium (Dy I).All the energy values 
and their J values are taken from Wyart CSl. 
Energy levels 
-1 
cm 
1 
33475.720 
33552.390 
33753.110 
33806.120 
34174.660 
34676.950 
34742.710 
34843.110 
35003.750 
35053.560 
35249.130 
35970.100 
36093.540 
36365.080 
J 
2 
7 
7 
8 
7 
9 
8 
5 
7 
7 
8 
8 
6 
6 
6 
Conf. 
3 
f dsp 
f**dsp 
f**dsp 
f dsp 
-
f dsp 
f dsp 
-
-
f dsp 
f dsp 
-
-
— 
AT( 
Ear 
wor 
C20 
Dy - Dy) 
mK 
lier 
k 
,21,221 
4 
Z+4 
Z+6 
Z+18 
Z+8 
Z-11 
Z-1 
Z+5 
Z+6 
Z+4 
Present 
work 
5 
Z+2 
Z+6 
Z+15 
Z+10 
Z-B 
Z+5 
Z-2 
Z-68 
Z+6 
Z+8 
Z+2 
Z+9 
Z-2 
Z-22 
Suggested 
Config. 
6 
f**dsp 
f**dsp 
f**dsp 
f**dsp 
b 
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36417.250 
36490.070 
36807.390 
36954.350 
37366.090 
37980.030 
38150.520 
38285.360 
38444.350 
38452.460 
39035.850 
39096.060 
39376.930 
39692.490 
39895.760 
40005.820 
40396.050 
40683.590 
7 
10 
8 
8 
7 
7 
8 
9 
9 
7 
9 
8 
8 
9 
9 
10 
7 
9 
-
-
-
-
-
-
-
-
f dsp 
-
,io .w 
•f sd 
-
-
-
-
f dsp 
-
— 
Z-11 
Z-20 
Z-13 
Z-8 
Z-65 
Z-22 
Z + 18 
Z-14 
Z-12 
Z+38 
Z+6 
Z-13 
Z 
z-ia 
Z-13 
Z-26 
Z-70 
Z-76 
Z-15 
Z+20 
Z-19 
Z-41 
Z-14 
Z-40 
f**dsp 
b 
b 
f**dsp 
b 
b 
f sd 
b 
b 
,10 
T nsn-s 
b 
W Configurations assigned by J. F. Wyart (Private communication). 
a Configurations assigned by Ahmad et al [21,22 1. 
b These levels may belong to mixed 4f 5d6s6p configuration. 
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4-f*°6S6d (Z-70) to (Z-B5) 
4f*°657s (Z-40) 
4-f**5d6s6p (Z + 15) 
4f**6p6s^ (Z+95) 
B.3.4 Comments on the Assigned Con-figuration o-f Dy I 
AT for 32 high even parity energy levels o-f Dy I 
evaluated in the present studies are listed in Table 8.4. 
p 
9 Df these levels are assigned to 4f 5d&s6p and one level at 
39035 cm {J=9> is assigned to 4-f 6s6d. The high even levels 
having AT values between (Z-8) and (Z-H5) mK belong to 
p —1 
4f 5d6s6p configuration. One level at 39035 cm has AT = Z-70 
mK and belongs to 4-f 5d6s configuration. Wyart C26I1 has 
theoretically assigned the level at 40005 cm (J=10) to 
4f 5d6s6p; but our AT value of (Z-41) mK for this level shows 
p 
that this level does not belongs to 4f 5d656p configuration. 
So the assignment for the level at 40005 cm is revised to 
4f 657s. Term isotope shift values AT(164-160) in the unit 
of milliKayser are given in the parentheses for various 
configurations of Dy I are given in Fig. 8.1. 
2 0 5 
SYSTEM A 
EVEN ODD 
SYSTEM B 
EVEN ODD 
40 
,10 2 
(-0) 
JO. 
f dp 
f d p 
i'%s7s 
301- (100) 
20 
10 
OL 
(155) 
Fig. 8.1 Expected isotope shifts nT(164-l60) for different 
configurations of neutral dysprosium atoa (in parantheses) 
and transitions (along the lines), derived empericalljr. 
The principal quantua number for f.d.p and s 
electrons are 4,5,6 and 6 respectively 
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B.3.5 Comments on the Unassigned Configuration o-f Dy I 
There are 20 even levels between 34843 and 406B3 cm 
which have no configuration assignments. The levels at 34174 
cm"* (J=9), 35003 cm"* (J=7) , 35970 cm"* (J=6) , 36093 cm"* 
(J=6), 36417 cm"* (J=7> and 37366 cm~* (J=7) have AT values 
(Z-a), (Z+6), (Z+9), (Z-2), (Z+18) and <Z+6) mK respectively. 
On the basis of discussion under section 8.3.3, these levels 
ft 
CDuld be safely assigned to the 4f 5d6s6p configuration. The 
cnly Gther even configuration that has similar isotope shift 
.lO , 2 
•'A lue is the 4f 6s configuration with AT = Z mK, but the 
levels belonging to this configuration will have low energy 
values, near about 24000 cm . Thus all the 6 high even levels 
in Table S.4 having AT values between (Z-8) and (Z+15) mK have 
been assigned to 4f 5d6s6p configuration. Wyart 11261 has 
confirmed these assignments upto 35000 cm using his 
paramteric calculations. 
High even levels which have AT values between (Z+20) and 
p 
(Z-20) mK may belong to 4f 5d6s6p configuration which is mixed 
with other configurations. The levels at 36365 cm" (J=6), 
36490 cm~* (J = 10) , 36807 cm"* (a=8) , 37980 cm"* (J=7) , 38452 
cm"* (J=7) , 39376 cm"* (J=8) , 39692 cm"* <J=9)and 40396 cm"* 
<J=7) can be similarly assigned to a mixed 4f 5d6s6p 
207 
con-f iguration. The levels at 34B43 cm (J=7) and 39096 cm" 
(J=8> have AT values (Z-68) and (Z-76) mK respectively; so the 
levels CDLild be assigned to 4-f 6s6d (see section 8.3.'5). 
20S 
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CHAPTER IX 
ISOTOPE SHIFT STUDIES AND EXPERIMENTAL VERIFICATION OF 
CONFIGURATION MIXING FOR ODD PARITY ENERGY LEVELS OF Dy* 
211 
9.1 Introduction 
The first detailed list o-f Dy II lines was published by 
King and Moore LI 3. A comprehensive list appeared later in 
1970 [23. The 'Tables of Spectral Line Intensities' by 
Meggers et. al. E33 also contains a consolidated list of Dy 
II lines. 
The earliest information on the analysis of singly 
ionized dysprosium spectrum is due to Paulson C4], Meggers 
ESj, Moore [63 and Blank E73. But the first detailed analysis 
of Dy II spectrum was carried out by Conway d a Warden E83 and 
they reported 14 even levels and 214 odd levels with only the 
4f 6s configuration identified for 12 low even levels. 
Spector E93 reported 4 new levels and assigned 6 levels to 
4f^'^5d configuration. Wyart ElO, 11, 12, 133 contributed 
extensively to the analysis of Dy II spectrum and reported 191 
even levels including 18 already reported E8,93; and out of 
these he assigned 176 levels to 4f 6s, 4f 5d, 4f 5d6p and 
4f 656p configurations. Wyart E103 also reported 366 odd 
levels which included 160 levels reported in ES3 but 54 levels 
reported in ES3 did not appear in the level list of Wyart. 
Wyart E133 could assign 117 of these odd levels to 4f'*5d6s, 
P 2 P _ 2 10 
4f 6s , 4f bd and 4f 6p configurations on the basis of 
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parametric calculations carried out by taking into account the 
con-f i guration mixing. A cofripreheriEi ve list of classified lines 
has also been given by Wyart ClOD and these energy level 
classifications of the spectral lines have been used in the 
present work-
Isotope shifts in 3 lines of Dy II spectrum were first 
reported by Dontsov Ei4D involving two isotopes Dy and 
Dy- Pacheva and Abdjieva LISD reported isotope shifts in 
the three Dy II lines at 3531.7, 3S72.1 and 3931.5 A. In both 
the above mentioned studies the isotope shift measurements 
were of only moderate accuracy. The first accurate 
measurements for isotope shift in 9 lines of Dy II spectrum 
were reported by Mazurek II163. He had used highly enriched 
isotopes in H D I I D W cathode lamps. He had also shown that the 
sign of IB for the line at 3B72.1 A reported in C151 was 
wrong. Aufmuth C173 reported IS involving Dy and Dy in 
29 lines using highly enriched isotopes excited in liquid 
nitrogen cooled hollow cathodes and photoelectric recording 
Fabry-Perot spectrometer. He also reported the relative 
isotope shift values for all the stable isotopes viz. 
158,160,161,162,163 and 164 of dysprosium in the three lines 
at 3445 A, 3531 A and 4111 A. He separated specific mass shift 
and field shift in these three transitions of Dy II using the 
213 
specific mass shift values of Dekker et. al. CIS]. Using his 
Dwn data and that of Mazurek ri63, Aufmuth [173 checked the 
configuration mi>:ing in 27 odd levels by means of 'sharing 
rule' and also evaluated the magnitude of cross second order 
effect in I and I terms of the 4f 6s configuration. Ahmad 
et al C193 reported the isotope shift measurements in 62 
spectral lines of the singly ionized dysprosium in the region 
3S60 - 4665 A, involving the transitions from high even levels 
of 4f 5d6p and 4f 6s6p to low odd levels of 4f 5d65 and 
P 2 
4f 6s configurations. They also suggested the configurations 
assignments for 9 unassigned odd levels. They pointed out that 
isotope shift reported in C17D for 4527.72 A line of Dy II 
actually pertains to the line 4227.52 A of Dy I and for line 
at 4103.31 A the sign and the magnitude of isotope shift 
reported by Mazurek C163 was wrong. They experimentally 
verified the parametric calculations of configuration mixing 
in odd levels of Dy II by Wyart C113. 
The known odd parity levels of Dy II between 32000 -
46000 cm have no configuration assignment ClOD and it is not 
easy to theoretically assign configuration to the odd levels 
above 30000 cm at the present state of theory [203. Most of 
the strong transitions from these levels lie in the 
ultraviolet region. Isotope shift studies are reported for 
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only -few lines involving these levels. AT values which could 
be help-ful in the configuration assignment, are very scanty. 
The objective of present investigations is to measure isotope 
shift in some of the transitions lying in the ultraviolet 
region and evaluate AT values which could be helpful in 
understanding the electronic configurations to these odd and 
even levels, These AT values would also enable to check the 
theoretical composition of some of the odd energy levels which 
are assigned to mixed configuration C103 . 
9.2 Experimental 
The isotope shift studies were carried out with highly 
enriched samples of Dy and Dy excited in the liquid 
nitrogen cooled hollow cathode and broad band multilayer 
coated Fabry-Perot etalons with maximum reflectivity at 
3600 A. for UV region (described in chapter 3 ) . Fig. 9.1 shows 
isotope shift Aa <164-160) of 3823.97 A iX ) and 3824.05 A 
i\ ) of Dy II recorded on Fabry-perot Spectrometer with an 
etalon of 10 mm thickness. The source exchange technique was 
The percentage abundance of the samples are given in Table 
9. 1. 
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Fig. S.i Isotope shift Aci(164-160) of the Dy II lines at 3823.97 
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Table 9.1 Percentage abundance oi isotopes in dysprosium 
samples used. 
Samples '/. Abundance of isotopes 
164 163 162 
Natural 28.18 24.97 25.53 
S(*'*^ Dy) 98.43 1.05 0.35 
S(**^Dy) 1.96 2.75 5.03 
161 
18.88 
0. 15 
11.33 
160 
2.29 
0.02 
78.93 
158 
0.09 
0.01 
0. 10 
156 
0.05 
0.01 
0. 10 
9.3 Results and discussion 
9.3.1 Isotope Shift Measurements in Dy II Transitions 
We have carried out isotope shift studies in 91 spectral 
lines of Dy II in the region 3300 - 3860 A; earlier isotope 
shift studies are available for three lines in this region 
C15]. The wavelength values, intensities and classification 
are taken from 1101. These are listed in the columns 1, 2 
and 3 respectively of the Table 9.2- Isotope shifts Aa 
( Dy - Dy) is given in the last column in Table 9.2 
in milliKayser. The sign convention is as usual. The accuracy 
in the measurement is of the order of 3 mK. Aufmuth C173 has 
reported isotope shift measurements in 15 lines of Dy II in 
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Table 9.2 Isiotope shift Aa ( Dy - Dy) in Bome of the 
lines of singly ionised dysprosium (Dy II) in the 
region 3300-3850 A. Wavelength, intensity and 
classification are taken from Thesis of J. F. Wyart, 
CJL03. 
Wavelength 
A 
1 
3308.883 
3312.712 
3316.315 
3317.116 
3340.995 
3341.429 
3341.884 
3368.106 
3385.015* 
3388.850 
3393.568* 
3396.157 
3405.653 
3407.795* 
3413.785* 
Int. 
2 
3000 
3000 
1000 
1000 
3000 
300 
100 
3000 
1000 
3000 
10000 
10000 
1000 
10000 
3000 
Classific 
Odd 
levels 
3 
10594 
34519 
30973 
-
10594 
30747 
34255 
29681 
30361 
34255 
30287 
29436 
34110 
29336 
30112 
ation 
Even 
levels 
40807 
4341 
828 
40516 
828 
4341 
0 
828 
4755 
828 
0 
4755 
0 
828 
AT***DY-***Dy) 
mK 
4 
-98.5 
-36.9 
-36.9 
-41.2 
-58.6 
-61 
-59.6 
-60.4 
-49.8 
-55.5 
-42.1 
-61.4 
-58.6 
-59.2 
-52 
218 
3414.821 
3419.631 
3421.309 
3425.309 
3428.055 
3431.787 
3432.575 
3434.367* 
3436.093 
3440.928 
3441.447 
3445.573* 
3446.993 
3449.891 
3471.138 
3471.527 
3477.067 
3484.5 
3494.491* 
3496.339 
3498.707 
3505.452 
3506.813 
3511.685 
3517.261 
3000 
3000 
300 
1000 
1000 
1000 
1000 
3000 
300 
1000 
3000 
10000 
3000 
1000 
1000 
1000 
1000 
-
10000 
1000 
3000 
1000 
3000 
1000 
1000 
33616 
36719 
17036 
33529 
33529 
13610 
33465 
29019 
19251 
16881 
29877 
29014 
36466 
33319 
36264 
36282 
33507 
34110 
29436 
36057 
32914 
36003 
29336 
-
39377 
4341 
7485 
46256 
4341 
4341 
42741 
4341 
0 
48346 
45934 
828 
0 
7463 
4341 
7463 
7485 
4755 
4755 
828 
7463 
4341 
7485 
828 
10953 
-43.2 
-62.7 
-51.2 
-62.9 
-62.4 
-75.6 
-55.4 
-58 
-49.2 
-100.4 
-51.9 
-61.6 
-46.9 
-61.8 
-64.8 
-51 
-49.4 
-53 
-65.3 
-37 
-66 
-45.3 
-64.5 
-61.8 
-48 
219 
3534.959 
3536.019* 
3536.5B5 
3537.665 
3538.517* 
3539.368 
3542.327 
3544.203 
3546.831* 
3550.218* 
3551.616 
3558.232 
3559.295 
3560.138 
3563.148 
3563.692 
3573.829 
3576.244 
3576.866 
3577.982 
3580.035 
3582.021 
3584.417 
3585.058* 
3585.778 
10000 
10000 
300 
1000 
10000 
1000 
3000 
1000 
3000 
1000 
3000 
1000 
1000 
1000 
10000 
1000 
1000 
3000 
3000 
1000 
1000 
300 
1000 
3000 
1000 
29109 
32613 
13610 
38130 
28252 
33001 
35685 
38078 
29014 
32914 
32903 
37527 
37985 
35565 
28885 
-
13610 
32709 
35434 
32281 
37795 
14347 
39691 
27885 
35365 
828 
4341 
41878 
9870 
0 
4755 
7463 
9870 
828 
4755 
4755 
9432 
9870 
7485 
828 
41583 
4755 
7485 
4341 
9870 
42256 
11801 
0 
7485 
- 56 .3 
- 82 .3 
-37 
-48 
- 8 0 . 5 
- 5 8 . 3 
-59 
-60 
-57 
- 7 0 . 7 
- 5 8 . 3 
- 5 5 . 6 
- 6 1 . 8 
- 5 0 . 5 
- 5 4 . 9 
- 5 2 . 2 
-61 
-71 .4 
-70 
- 5 4 . 9 
-37 
-68 
- 5 0 . 3 
-51 .1 
-47 .6 
220 
3586.112 
3590.073 
3590.658 
3591.415 
3595.036 
3596.058 
3602.823 
3606.118 
3619.975 
3629.417 
3630.237* 
3640.158 
3645.398* 
3707.573 
3708.220 
3724.446 
3743.115 
3747.817 
3753.506 
3757.372 
3785.411 
3786.176 
3788.436 
3791.871 
3816.762 
1000 
1000 
1000 
-
3000 
1000 
1000 
3000 
1000 
3000 
3000 
3000 
10000 
1000 
1000 
3000 
300 
3000 
3000 
10000 
1000 
10000 
3000 
3000 
3000 
32218 
14895 
12674 
-
10594 
37671 
39549 
35207 
17036 
11394 
31879 
322 IB 
28252 
27792 
31715 
31183 
-
27502 
26634 
27435 
35841 
27232 
27216 
27193 
33677 
4341 
42741 
40516 
38402 
9870 
11801 
7485 
44653 
38939 
4341 
4755 
828 
828 
4755 
4341 
828 
0 
828 
9432 
828 
828 
828 
7485 
-55.9 
-53.1 
-70.8 
-62.6 
-96.7 
-53. 1 
-70.7 
-44 
-59.6 
-91.8 
-62.2 
-55.8 
-78.4 
-84.6 
-106 
-61.2 
+53.6 
-35.2 
-41.4 
-47 
-78.6 
-56.7 
-39.6 
-39.4 
-51.3 
» Also measured by P. Aufmuth tl73 
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3836.504 3000 30399 4341 -63.7 
3841.309 3000 26853 828 -78.2 
3842.004 1000 ("37694 11673'j -44.2 
[30361 4341 J 
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30287.36 
3036 LBO"" 
30399.lO" 
30747.02 
30973.97 
31183.10 
31879.66 
32218.48 
32613.41 
32709.97* 
32914.90* 
33529.34 
•13/2 
13/2 
15/2 
15/2 
13/2 
13/2 
17/2 
13/2 
17/2 
15/2 
13/2 
17/2 
13 
25 
2 
1 
3 
5 
3 
0 
2 
3 
1 
40 
13 
79 
96 
96 
83 
42 
22 
87 
24 
39 
98 
47 
62 
19 
3 
1 
12 
56 
75 
' 13 
74 
58 
1 
X-57.2 
X-46.1 
X-63.1 
X-59.8 
X-56.4 
X-57.1 
X-74.2 
X-7B.6 
X-63.9 
X-79.6 
X-73.5 
X-59 
X-42 
X-49.8 
X-63.7 
X-61 
X-36.9 
X-66.2 
X-67. 2 
X-57.5 
X-B2.3 
X-85.7 
X-70 
X-57.9 
+ Also measured by P. Aufmuth [17] and Ahmad et al C193. 
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For 11 l e v e l s -for wh ich AT v a l u e s have been e v a l u a t e d 
obB 
in the present study, the agreement between AT and AT is 
generally good except for the level at 27193 cm (J=13/2), 
27216 cm"* (J=15/2) and 30973 cm"* {J=13/2) . The level at 
2B456 cm"* (J=13/2) has 61'/. f**d^ . Theoretical AT values for 
this level is (X-20.5) mK and we have evaluated AT = (X-2B.a) 
mK for this level, which shows that the agreement between 
AT and AT is good. The level at 29681 cm"* (J=19/2) 
obs the 
belongs to almost pure f**ds (987.) and AT ^  = (X+60.4) mK, 
agrees well with AT = (X+67.4) mK. The two levels at 29877 
^ the 
cm"* (J=13/2) and 33529 cm"* (J=17/2) are also almost pure 
f d (987C). There is agreement between observed and 
theoretical AT values. Two levels a t 30747 cm <J=15/2) and 
30973 cm"* (J=13/2) belong to f**d^  (967.) and their AT are 
^ the 
(X-59.8) mK and (X-56.4) mK respectively. Dur AT for the 
obs 
level at 30747 cm agrees well with the theoretical value. 
There is disagreement between AT and AT for the other 
obs the 
level at 30973 cm"*. Two levels at 31187 cm"* (J=13/2) and 
32613 cm (J=17/2> belong to predominantly f d configuration 
euid we find disagreement between theoretical and observed AT 
values for the level at 32613 cm" . We have measured isotope 
shift in the line at 3536.01 A involving the level 32613 cm"* 
and the measured isotope shift in the line is -82.3 mK which 
is same as Aufmuth C173 has reported. Therefore one may infer 
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that the theoretical calculation of percentage composiation is 
not right. For two levels at 31B79 cm"* (J=17/2) and 3221B 
cm'* (J=13/2) values of AT agree with AT ^  . 
obs the 
Expected term isotope shift AT(164-160) in the unit of 
milliKayser are given in the parentheses for various 
configurations of Dy II are given in Fig. 9.2. The transition 
arrays involving transitions from low even levels to high odd 
levels is given in Appendix VI. 
9.3.3 Isotope Shift in Transitions Involving High Even 
LevelB and Low Odd Levels of Dy II 
Isotope shift Ao<160-164> have been carried out in 
fourteen lines of Dy II involving high even levels and low odd 
levels. The type of transitions studied are f**dp—>f**ds, 
p p 
f sp >i ds. These lines are presented as transition array in 
Table 9.4. Each type of these transition is discussed below 
separately. 
p p 
(a) The f sp >f ds transition 
Two lines at 3590.6 A and 3536.5 A fall in this type of 
50r 
40 
•po^ v4rSd6p 
(190) V^ ^\^f 
4f 5p 
4f 5d6s 
Af 6s 
Fig . 9 . 1 Expected i so tope s h i f t AT( 164-160) for Dy II conf igurat ions 
( in parantheses) and t rans i t ions (a long the l i n e s ) . AT 
values are based on experimental observat ions except for 
4f^63 and 4jr636p conf igurat ions . 
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Table 9.4 Transition array -for the lines resulting from high 
even levels to low odd levels of Dy II 
Odd levels E (cm~*) config. C103 
10594 11394 12647 13610 14347 
High even f ds 
Levels 
, r^  , m-i 17/2 15/2 13/2 15/2 11/2 J Conf-Lll] 
38402 17/2 f**dp(89y.) 3595.0 
(-96.7) 
38939 13/2 f**dp(897.) 3629.4 
(-91.4) 
40516 15/2 f**sp(707.) 3590.6 
(-44.3) 
40807 19/2 f*dp(927.) 3308.8 
(-98.7) 
41583 17/2 f**dp(897.) 3573.8 
(-61) 
41878 13/2 f**dp(557.) 3536.5 
(-37) 
42256 9/2 f**dp(a6y.) 3582.0 
(-68) 
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Transition array -for the lines resulting -from high even 
levels to loM odd levels of Dy II 
Odd levBS E (cm "5 confi. tl03 
13610 14895 16881 17036 19251 
High even levels 
E (cm"*) J Conf.Cll] 
f**ds-
15/2 17/2 21/2 17/2 17/2 
42741 17/2 f dp (87X) 3431.7 3590.0 
(-63) (-70.8) 
44653 15/2 f**dp (797.) 
45934 21/2 f dp (1007.) 
46256 17/2 f dp (927.) 
48346 19/2 f dp (997.) 
3619.9 
(-59.6) 
3440.9 
(100.5) 
3421.3 
(-61.4) 
3436.0 
(-49.2) 
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transition, classified as (40516 - 12647 cm *) and (41878 
13610 cm"*). The lower level at 12647 cm~* (J=13/2) has been 
p —1 
assigned to 56X f ds, whereas the level at 13610 cm (J=15/2) 
is 97"/. •F^ 'ds. For the line at 3590.6 A, the upper level 40516 
-1 p 
cm (J=15/2) is assigned to 707. -f sp. The expected isotope 
shift for such transition is 25 mK. The measured isotope shift 
in two lines 3590 A and 3536 A are -44.3 mK and -37 mK 
respectively. This shows that the percentage composition for 
the upper level 40516 cm and lower level 12647 cm is 
correcet. But the other level at 41878 cm , it is not pure as 
it is shown L133. It may be mixed with larger contribution 
7 P 
from f sp, i.e., the the percentage composition of f sp may be 
more than 457.. 
p p 
(b) The f dp >f ds transition 
The line at 3440.9 A involves high even level 45934 cm~* 
(J=21/2) (100/: f**dp) and 16881 cm"* (J=21/2) (1007. f ^'ds) . The 
isotope shift measured in this line is 100.5 mK. But the 
expected isotope shift (see fig. 9.1) is 165 mK. The observed 
isototpe shift value does confirm the configuration 
assignments broadly but the level at 45934 cm is not as pure 
as it has bec;n suggested E13I1. Two lines at 3308-8 A and 3595 
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A involve upper levels 38402 cm'^ (J=17/2) (897. •f*'dp) and 
40B07 cm'* <J=19/2> (92"/. •f^ 'dp) llZl. The low odd level involved 
is 10594 cm"* (J=17/2) (837. -f*'ds> . The observed isotope shifts 
in both the lines is about -97 mK. This confirms thi 
configuration assignments to high even levels to f dp, but 
p 
suggest that probabily the levels of f dp are not as pure as 
they have been shown to be L133. 
Similarly for the lines at 3573.8 A, 3431.7 A and 3590 
A, the high even levels involved arm 41583 cm"* (J=17/2) (897. 
f^ 'dp) and 42741 cm~* (J=17/2) (877. f^ 'dp) and low odd levels 
are 13610 cm"* (J=15/2) (977. f^ 'ds) and 14895 cm"* (J=17/2) 
p 
(lOOZ f ds). All the three levis show small values of isotope 
shift, of th£? order of -63 mK, confirming the assignment of 
the upper levels but not so pure as shown to be C133. On the 
basis of the observed shifts and above discussion one may say 
that other high even levels, e.g, 41B7B cm"* (J=13/2), 42256 
cm"* (J=9/2), 44653 cm"* (J=15/2> , 46256 cm"* (J=17/2) and 
48346 cm (J=19/2) are not so pure as shown theoretically. 
9.3.4 Assignment of the Unassigned Odd Energy Levels of Dy II 
In previous section 9.3.2 we have already discussed the 
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AT values of the pure configurationB and variation in AT 
values for minted configuration with varying composition of 
S> P Z lO 
configuration mixing f ds, f d and f p. On the basis of this 
discussion the configuration assignments to the unclassified 
energy levels can be attempted. The configuration assignment 
for the levels below 33,000 cm is mostly based on Wyart's 
calculation of (4f ^'(Sd+ts) ^  + 4f **^ 6p) , the three 
configurations based on 4f being limited to the 
subconfigurations from the 4f H and F terms till. There 
are some 240 uniterpreted levels between 30000 and 42000 era 
and the calculation based on higher terms of 4f would 
probably allow the interpretation of many levels. 
AT values provided by us for unassigned levels from 
33,000 to 39600 cm would be very useful as and when the 
theoretical calculations ars taken to interprete these levels. 
For levels with AT greater than X, it could have been possible 
p 
to assign these levels to f ds, but none of the level studied 
by us have such a value and listed in Table 9.5. 
For most of the levels there is not much variation of 
AT values. As the configuration mixing is bound to 
predominant, AT values alone with not much variation in the 
magnitude can not be unequivocally used to suggest the 
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Table 9.5 Isotope shift AT <***^ Dy-***Dy) in the high odd 
levels o-f singly ionised dysprosium (Dy II). Energy 
levels, J values and configuration are taken from 
thesis of J. F. WyartClOD. 
Energy levels 
-1 
cm 
Conf. AT(****Dy-'*'*Dy) Config. 
fflK Sugg, 
26853.720 
27193.050 
27216.930 
27232.6B0 
27435.120 
27502.930 
27792.480 
27885.600 
28252.340 
28306.830 
28456.120 
28885.600 
29014.430 
29109.090 
29336.060 
13/2 
13/2 
15/2 
17/2 
15/2 
13/2 
13/2 
15/2 
17/2 
19/2 
13/2 
15/2 
17/2 
15/2 
17/2 
4f**5d^  
4f**5d6s 
4f**5d6s 
4f*'5d^  
4f**5d^  
-
-
4f^5d^ 
4f^5d^ 
4f***6p 
4f^5d^ 
4f**5d^  
4f**5d^  
4f**5d^  
4f 6p 
X-7B.2 
X-39.4 
X-39.6 
X-56.7 
X-56.4 
X-35.2 
X-84.6 
X-51 
X-79.5 
X-92.4 
X-28.8 
X-52.2 
X-59.5 
X-57 
X-62 
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29436.600 
296B1.740 
29877.520 
30112.920 
30287.360 
30361.800 
30399.100 
30747.020 
30973.570 
31183.100 
31715.100 
31879.600 
32218.480 
32281.840 
32613.410 
32709.970 
32903-810 
32914.900 
33001.210 
33319.210 
33465.390 
33507.293 
33529.340 
33616.810 
15/2 
19/2 
13/2 
15/2 
13/2 
13/2 
15/2 
15/2 
13/2 
13/2 
13/2 
17/2 
13/2 
17/2 
17/2 
15/2 
11/2 
13/2 
11/2 
13/2 
15/2 
11/2 
17/2 
13/2 
4f*°6p 
4f**5d^  
4f**5d^  
4f**5d^  
4f 6p 
4f 6p 
4f*5d^ 
4f**5d^  
4f**5d^  
4f**5d^  
-
4-f 6p 
4f*°6p 
-
4f*'5d^  
4f 6p 
-
4f 6p 
-
-
-
-
O 2 
4f 5d 
— 
X-63 
X+60.4 
X-51.9 
X-52 
X-42 
X-49.8 
X-63.7 
X-61 
X-36.9 
X-66.2 
X-106 
X-67 
X-57.5 
X-59.9 
-82.3 
X-71.4 
X-58.3 
X-70 
X-58.3 
X-66.8 
X-60.4 
X-49.4 
X-57.9 
X-43.4 
c 
b 
b 
b 
c 
b 
b 
a 
23B 
33677.880 
34110.170 
34255.720 
34519.090 
35207.830 
35365.100 
35434.550 
35565.890 
35685.840 
35841.780 
36003.950 
36057.030 
36173.950 
36264.622 
36282.610 
36466.340 
36719.640 
37527.890 
37671.300 
37795.700 
37958.420 
38078.015 
38130.170 
39377.020 
11/2 
13/2 
13/2 
17/2 
15/2 
15/2 
13/2 
15/2 
11/2 
9/2 
13/2 
11/2 
13/2 
11/2 
13/2 
9/2 
15/2 
9/2 
13/2 
11/2 
9/2 
11/2 
13/2 
5/2 
X-51.3 
X-5a.6 
X-55 
X-36.9 
X-44 
X-47.6 
X-70 
X-50.5 
X-59 
X-78.6 
X-45.3 
X-37 
X-53 
X-55 
X-51 
X-47.9 
X-62.7 
X-55.6 
X-54.1 
X-3B 
X-62.8 
X-6i 
X-49 
X-56 
b 
b 
b 
a 
a 
a 
c 
a 
b 
c 
a 
a 
b 
b 
b 
a 
c 
b 
b 
a 
c 
c 
a 
b 
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39594.110 11/2 - X-70.7 
39691.580 9/2 - X-50.3 
a Can not be assigned 
p z b May be assigned to 4f 5d con-figuration 
c May be assigned to 4f 6p con-figuration 
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ccn-f iguration. The intensity o-f the transitions involved 
these levels can be a good guide. For example, the transition 
of the type f p--f s will be much stronger than compared 
to f d - -f 5 transition. 
On the basis o-f these considerations, we have suggested 
tentative assignments to these levels with the -following 
criteria. The level having AT values between (X-30) to (X-50) 
mK could not be assigned to any configuration, the levels 
having AT values between (X-50) to (X-60) mK could be assigned 
p z 
to 4f 5d configuration and the levels having AT values 
between (X-60) to (X-75) mK could be assigned to 4f 6p 
configuration (Table 9.5). 
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CHAPTER X 
TERM ISOTOPE SHIFTS OF THE ODD AND EVEN 
CONFIGURATIONS OF NEUTRAL YTTERBIUM (Yb I) 
242 
10.1 Introduction 
The -first spectrum of ytterbium was initially studied by 
King CID usingin a furnace. He measured the wavelengths of 399 
lines covering the region 2950-6800 A. He classified the 
observed spectral lines on the basis of the temperature 
classes. Tbes temperature classes assigned by him were I, II, 
III, III-A, IV, IV-A, IV-E, V. and V-E. Yb I lines belong to 
I, II, III, III-A, IV, IV-A, and V, whereas Yb II belong to 
IV-E and V-E. Meggers and Scribner 121 reported wavelengths 
and relative intensities of 1668 spectral lines in the range 
D-f 2070 - 10325 A; out of which 400 lines belong to Yb I, 1250 
lines to Yb II and a dozen of lines to Yb III. They also 
14 
identified 4 odd levels belonging to 4f 6s6p configuration 
and Seven le;vels of 4f 6s \ground state), 4f 6sns (n = 7, 
8) and 4f 65nd (n = 5, 6) configurations. 22 lines of Yb I 
spectra were also classified by them. Batterer and Junkes C33 
reported 1476 lines in UV-visible region. Humphreys and Paul 
£43 reported 49 lines in infrared region. But these lines £3, 
41 were not assigned to Yb I or Yb II spectra. Meggers and 
Corliss [51 had exhaustively studied Yb spectra and they 
provided wavelengths, relative intensities, leeman patterns 
and assignment of the lines to Yb I, Yb II, Yb III and Yb IV 
spectra. Camus and Tomkins C63 reported 73 lines of Yb I in 
the region 1980-2300 A. A detailed up-to-date analysis of Yb I 
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was publisihed by Meggers and Tech [7], Which provided 
wavelengthsi and estimated intensities o-f 1791 lines of Yb I. 
Out o-f these 787 lines have been classified as transitions 
between 102 even and 77 odd levels. 
Energy levels belonging to 4f 6sn5, 4-f 6snd and 
4f 6snp configurations were first identified theoretically by 
Nir [83. Dn the basis of parametric calculations, Spector 192 
13 Z 13 2 
identified energy levels of 4f 5d6s and 4f 6s 6p 
configurations. Kozlov et al ElOD identified 43 energy levels 
13 2 13 2 
belong to 4f 5d6s and 4f 5d 6s configurations. Wyart and 
Camus Ell] have identified 36 even and 35 odd levls of Yb I. 
They also revised the assignments of the earlier levels on the 
basis of parametric calculations. 
Schuller and Korsching C123 have reported hyperfine 
structure and isotope shift in the resonence line at 5556 A. 
Krebs and Melkowski tl33 extended the measurements to locate 
1 70 
the position of isotope Yb. Ross C14] studied the same line 
at 5556 A using enriched samples of the isotopes 168, 170, 
171,173 and 174. Golovin and Striganov C153 studied relative 
isotope shift positions of all the even isotopes in 6 lines of 
Yb I. Chaiko C163 studied isotope-shift in the lines at 3988 A 
and 5556 A of Yb I, and he evaluated the intrinsic quadrupole 
1^ 8 
moment of nucleus Yb . Helbert tl73 measured relative 
244 
isotope shi-ft of even-A isotopes in the line at 5556 A more 
accurately.. Miller and Ross CIBD have reported isotope shift 
Aa (172-176) in 89 lines of the Yb I in the region 3464-7670 
A. Dn the basis of their measurements they assigned 17 even 
levels to 4f 5d6s6p and reported the configuration mixing in 
the level at 2506S cm"* (J=l). Clark et al [193 studied 
isotope shift for all the isotopes in the line at 5556.5 A by 
using CW tunable dye laser. 
Ahmad et al C203 have reported isotope shifts in 172 
lines of Yb I in the region 3900-6500 A. They evaluated 
AT(172-176) for 62 even and 56 odd levels. They also revised 
IS Aa(172-176) for 18 lines reported earlier in C1B3. Miller 
et al C2i3 have reported IS in the transitions 
4f**6s6p-4f**6s6d, 4f **6s6p-4f "6s8s and 4f *'*6s6p-4f "5d6s6p 
by using laser induced fluorescence spectroscopy. Kischkel et 
al £221 have reported isotope shifts in transitions from the 
ground state to 4f*'*6s9d ^D / D , 4f"6sl0d ^D ,*D , 
2 2' 2* 2' 
13 14 2 1 
4f 5d6s6p and 4f 6p S , using Doppler—free laser 
spectroscopy. They also pointed out that in D state, there 
are strong influence of second-order hyperfine interaction for 
171 173 
the odd isotopes Yb and Yb. Wijngaarden and Li C23] 
reported accurate measurements of isotope shift and hyperfine 
splitting of the line 5556.6 A by means of acousto-optic 
modulation method using tunable dye laser. 
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10.2 Experimental 
The investigations were carried out on the recording 
Fabry-Perot spectrometer and the experimental set up is same 
as described in Chapter 3 . The source being a 
liquid-air-cooled hollow cathode which contains a mixture o-f 
*^ Y^b (97.17.) and ^^ '^vb (97.7) in the ratio of 0.7:1.0. Two 
sets o-f inter-f erometer plates, each with broadband 
seven-layers dielectric coatings were used. The percentage 
abundance of the samples are given in the following Table 10.1 
Table 10.1 Percentage abundance of isotopes in ytterbium 
samples used-
Samples V. Abundance of isotopes 
168 170 171 172 173 174 176 
Natural 0.14 3.03 14.31 21.82 16.13 31.84 12.73 
S(*'^ *'Yb) 0.02 0.06 0.31 0.52 0.53 1.89 96.68 
S(^^^Yb) 0.01 0.05 0.75 97.15 1.01 0.87 0.19 
24fi 
10.3 Results and Discussion 
10.3.1 Isotope Shi-ft Studies in the First Spectrum of 
Ytterbium (Yb I) Transition 
Isotope shift ACT(172-176) Measured in 25 lines of Yb I 
in the region 3426—4361 A. These lines are listed in column 1 
of the Table 10.1. The intensity of the lines is given in 
column 2. The classifications are given in column 3. Column 4 
gives the isotope shift values in mK. The wavelength, 
intensity, and classifications Are taken from Meggers and 
Tech C71. Out of 25 lines, 5 lines have no classifications. 
We have classified one line at 3774.323 A, (25859-52346) 
using the energy levels listed in [71 and simple computer 
pregramme. This line is marked with astrike. 
10.3.2 Isotope Shift AT(172-176) in the Energy Levels of 
Yb I 
The isotope shift AT(172-176) of all the even and odd 
parity levels of Yb I ars given in Table 10.3 and Table 10.4 
respectively. The energy levels are given in column 1. Column 
2 gives the terms values and column 3 gives J values. 
Configurations are given in column 4. AT(172-176> is given in 
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Table 10.2 Isotope shift Aa (*"Yb - ^^ ''vb) in some o-f the 
spectral linse of Yb I. Wavelength intensity and 
classification are taken from W. F. Meggers and J. 
L. Tech L72 
Wavelength 
o 
A 
1 
3426.044 
3431.107 
3431.140 
3452.398 
3458.391 
3460.269 
3464.37 
3559.032 
3578.561 
3655.729 
3699.514 
3700.580 
3734.694 
3770.095 
3774.323* 
Int. 
2 
3000R 
3000R 
700 
300 
1000 
3000R 
30000R 
lOOOR 
600 
2000R 
3000 
1000 
3000R 
2000R 
700 
Classif 
Odd 
levels 
29774 
29774 
0 
17992 
19710 
17992 
17288 
25859 
17992 
17288 
25859 
ication 
Even 
levels 
3 
-
-
58911 
98732 
-
-
28857 
46081 
47646 
45338 
44311 
52874 
44760 
43805 
52346 
Aa(*''^ Yb-*''**Yb) 
mK 
4 
-70 
-97.7 
0 
-50.3 
-80.5 
-73.8 
+56.8 
+51.6 
0 
+25 
0 
-84.4 
-10 
-51.9 
-76.9 
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3791.741 
3798.402 
4121.902 
4125.538 
4128.934 
4258.743 
4267.132 
4333.909 
4337.599 
4361.639 
7000 
4000 
200 
150 
100 
200 
500 
400 
80 
100 
17992 
17992 
49005 
23188 
48701 
48745 
r72190 
[48699 
25068 
23188 
47409 
44357 
44311 
24751 
47420 
24489 
25270 
4876ll 
25270j 
48135 
46236 
24489 
0 
+ 10 
0 
-152 
0 
0 
+70 
+70 
0 
0 
t C l a s s i f i c a t i o n g i v e n by u s . 
249 
column 5 in mK. In most of the cases enegy levels, J values, 
terms and con-figurations are taken from Meggers and Tech C7D. 
But in some cases these values are taken from Wyart and Camus 
ril3 and it is marked with 'a'. The level assigned by us is 
marked with 'b'. 
The isotope shift AT(172-176) values of odd and even 
energy levels of Yb I have been evaluated in terms of X; 
14 Z 1 
assuming AT(4f 6s 0.0 S ) = X mK. AT of high even levels 
of Yb I have been evaluated using our isotope shift values 
given in Table 10.3 and AT of those low odd levels given in 
Table 10.4 as given by Ahmad et al [201. The low odd 
configurations of Yb I involved in our present study belong to 
4f 6s6p and 4f 5d6s configurations. The AT values of 
14 13 2 
4f 6s6p and 4f 5d6s configurations are about (X—65) mK and 
(X+80) mK respectively. AT values of high odd configurations 
have been evaluated using present values in Table 10.4 and AT 
values of low even levels in Table 10.3 as given by Ahmad et 
al [201. The low even configurations ar»e involved in present 
investigation are 4f 65 and 4f 5d6s. All the five high odd 
levels in the transition studied combined with three (^D ) 
3>2,1 
levels of 4f**5d6s. The AT values of 4f*'*6s^  and 4f'*5d6s are 
X and (X-65) mK respectively. 
250 
We have evaluated AT values -for B even parity levels for 
the first time and there are 14 even levels involved in the 
14 2 
present investigation. There are two levels belong to 4f 6p , 
14 13 
2 levels belong to 4f 6s7d, 4 levels belong to 4f 5d6s6p, 
one level belongs to 4f 6s 6p and 4 levels belong to 4f 6s9d 
configuration respectively. One level at 58911 cm (J=5) has 
no classification. 
We have evaluated AT for 6 high odd levels for the first 
time. Out of which the levels at 28857 cm"* (J=l), 47409 cm"* 
(J=0), 48699 cm'* (J=4) , 48745 cm"* (J=2)and 49005 cm~* {J=l) 
belong to 4f*^5d6s^, 4f**65l0p, 4f**6s9f, 4f*'*6sl2p and 
4f 5d 6s respectively. One level at 48701 cm" (J=2) has no 
assignment. The assignment of this level is given by us and it 
13 2 
is assigned to 4f 5d 6s configuration. 
The expected values of the isotope shift AT(172-176) for 
the both system A (4f -core) and system B (4f*^-core) are 
presented in Fig.10.1- The transition arrays involving 
transitions from even levels to low odd levels is given in 
Appendix VII. 
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80 
72 - EVEN 
64 -
56 
48 
40 
32 
24 -
SYSTEM A SrSTEM 8 
ODD EVEN ODD 
(135) 
Fig. 10.1 Eapirically expected Isotope shifts AT(172-176) in 
electronic configuration (in parenthesis) and 
transitions (along the lines) of Yb I 
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,172, 17<5. 
Table 10.3 Isotope shift AT < Yb - Yb) in the even parity 
levels of Yb I. Energy levels, terms and their 
configuration are taken from W. F. Meggers and 
J. L. Tech C7]. 
Energy l e v e l s 
- 1 
cm 
1 
0 . 0 0 
24489.102 
24751 .948 
25270.902 
43805.42 
44311.38 
44357 .60 
44760 .37 
45338 .53 
46081.54 
46236.27** 
47420 .96 
47646.62** 
48135 .60 
52346.97** 
52874 .79 
Term 
2 
's 
^D 
'D 
'D 
V 
'D 
*D 
V 
l l / 2 , 
3i/z, 
V 
*D 
'D 
,2iX2 
,2 l /2 
3 i , ^ , 2 i / 2 
=G 
3l /2 ,2l / '2 
J 
3 
0 
1 
2 
3 
1 
1 
2 
2 
2 
0 
3 
2 
3 
2 
6 
6 
Conf. AT< 
4 
4f 6s 
4 f " 5 d 6 s 
t i 
I I 
4f 6p 
4f**6s7d 
4 f " 6 s 7 d 
4f 6p 
4 f " 5 d 6 s 6 p 
11 
4 f " 6 s * 6 p 
4 f " 6 s 9 d 
I I 
I I 
I I 
4 f " 5 d 6 s 6 p 
i72Yt,_17<,Y^^, 
fflK 
5 
X^ 
X-65^ 
X-65^ 
X-65*' 
X-117 
X-70 
X-65 
X-B5 
X-30 
X-117 
X+76 
X-76 
X-65 
X - 6 
X+3 
X+5 
E a r l ier*^ 
Work 
6 
X-117 
X-83 
X-31 
X-76 
X - 6 
X+10 
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5B732.06 3i/2.2i/'2 A 4f'^5d6s6p X+30 
58911.39 - 5 - X+80 
a Levels and configurations are taken from J. F. Wyart and 
P. Camus c m . 
c Values taken from S. A. Ahmad et al C20]. 
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Table 10.4 Isotope shift AT (*"Yb - ^'^Yb) in the odd parity 
levels of Yb I. Energy levels, terms and their 
configuration are taken from W. F. Meggers and 
J. L. Tech C71. 
Energy l e v e l s 
- 1 
cm 
1 
17228.439 
17992.1007 
19710.388 
23188.518 
25859.682 
25068 .227 
28857.014 
29774.958 
47409 .82 
48699.25*^ 
48701 .60 
48745 .40° 
49005.89** 
Term 
2 
' P 
V 
V 
3 l / 2 , 
3 l / 2 , 
V 
3 l / 2 , 
3 l / 2 , 
V 
V 
-
-
— 
l l / 2 
l i / 2 
S l / Z 
21X2 
J 
3 
0 
1 
2 
2 
5 
1 
1 
4 
0 
4 
2 
2 
1 
C o n f . AT( 
4 
4 f * * 6 s 6 p 
I I 
f t 
4 f * ' 5 d 6 s ^ 
•1 
4 f * * 6 s 6 p 
4 f * ' 5 d 6 s ^ 
I I 
4 f " 6 s l 0 p 
4 f * ' * 6 s 9 f 
4 f 5 d 6s 
4 f * * 6 s l 2 p 
4 f " 5 d * 6 s 
^^Yb-^^ 'Yb ) 
IBK 
5 
X -65^ 
X-65* ' 
X -65 ' ' 
X+76*' 
X+BO*" 
X - 3 2 ^ 
X+57 
X+BO*" 
X - 6 5 
X+5 
X - 6 5 
X - 6 5 
X - 6 5 
a Levels and configurations are taken from J. F. Wyart and 
P. Camus C113. 
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b Configuration assigned by us. 
c Values taken -from S. A. Ahmad et al C203. 
25R 
10.3.3 CommentB on the Assigned ConfiQurations of Yb I on 
the Basis of Isotope Shift Studies 
We have evaluated AT(172-176) for 14 even levels. Out of 
which, AT for 8 levels sre reported for the first time. Two 
levels at 43805 cm"* (J=l) and 44760 cm'* (J=2) belong to 
4f**6p^ configuration have AT values of (X-117) mK and (X-SS) 
(TiK respectively, which confirms earlier measurement of Ahmad 
et al r203., The levels at 44311 cm~* (J=l) and 44357 cm"* 
(ill=2) belong to 4f 6s7d configuration and have AT values of 
(X-70) mK and (X-65) mK respectively. The levels at 45338 cm"* 
(J=2), 460B1 cm"* (J=0) , 52874 cm"* (J=6) and 58732 cm"* 
(J=4) have AT values of (X-30) mK, (X-117) mK, (X+5) mK and 
13 
(X+35) mK respectively belong to 4f 5d6s6p configuration. We 
have confirmed AT values for two levels at 45338 cm and 
52874 cm"* as given by Ahmad et al 11203. One level at 46081 
-1 13 
cm (J=0) has 2S7. 4f 5d6s6p as given by Wyart and Camus 
C113. That is why its AT value is low. One level at 46236 cm 
(J=3) for which we have evaluated AT = (X+76) mK, first time, 
13 Z —1 
belongs to 4f 6s 6p configuration. Four levels at 47420 cm 
(J=2), 47646 cm"* (J=3) , 48135 cm'* (J=2)and 52346 cm"* (J=6) 
19 
belong to 4f 6s9d configuration. We have confirmed AT values 
for two levels at 47420 and 48135 cm reported earlier by 
Ahmad et al C203, one level at 58911 cm~* (J=5) have AT 
(X+BO) mK could not be assigned to any configuration. 
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AT (172-176) for six odd levels have been evaluated -for 
the -first time, which arE involved in the present 
investigation. The level at 2BB57 cm (J=l) has AT values o-f 
(X+57) belongs to 4f*^5d6s^. he levels at 47409 cm"* (J=0) and 
4S745 cm'* <J=2) belong to 4f"6sl0p and 4f"6sl2p 
con-figurations have same AT values, i.e., {X-65) mK. The level 
at 48699 cm"* (J=4) has AT value o-f <X-»-5) mK and it belongs to 
4f**6s9-f. The two levels at 48701 cm"* (J=2) and 49005 cm"* 
(J=l) have AT = (X-65) mK. Out of these two, one level at 
-I 13 Z 
49005 cm was already assigned to 4f 5d 65 by Wyart and 
Camus C11 ] but the level at 48701 cm has no any 
classification. We have assigned this level to 4f 5d 65 on 
the basis of isotope shift measurement. 
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CHAPTER XI 
DETERMINATION OF CROSSED-SECOND-ORDER FIELD SHIFT 
IN TERMS OF 4f"(6S) CONFIBURATION OF Nd* AND Gd"" 
2G1 
11.1 Term Dependence o-F Isotope Shift due to 
CroBsed-Second-Order ef-fect 
The isotope shift (IS) of an atomic energy levels 
consists of a mass shift and a field shift (FS). The MS 
originates due to the finite nuclear mass, i.e. the motion of 
the nucleus round the centre of gravity of the atom. The FS 
arises because of non-Coulombic nuclear potential due to 
finite volume which is different for isotopes with different 
masses. In the first order, the MS has the same value for all 
values of a pure Russell-Saunders (RS) term. Additionally, all 
the levels of a configuration that do not consist of at least 
two open subshells with angular momenta differing by 1 have 
the same MS. In this order, the FS is constant over the 
levels of a pure configuration. 
It has been observed that isotope shift is not always 
constant within a pure configuration and this is attributed to 
the Second-order contributions CI 3. The Crossed-Second-Order 
(CSD) contributions of the electrostatic operator and the SMS 
or FS operator bring about this difference in the various RS 
terms. The computation of higher—order MS corrections is a 
laborious task. The second order contributions to the FS, 
which depend upon the change of the total electron charge 
density at the nucleus, AJv(O) | , are much easier to compute 
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t2], 
It has been observed that the CSO e-f-fect mainly 
manifests itself in an nl n's type of configuration. 
The Hamilton operator for an atom with N electrons, in 
the absence of external field and neglecting spin-orbit 
interactions, may be written 
H = H + D (1) 
o 
With 
N 
2 , 2 } P' Ze* H = / „ - (2) o *- 2m r 
1=1 i 
and the Coulomb operator 
i,N ^ 
Q = ) — r (3) 
Once the eigenstate if/, of H are known, they can be used 
to calculate the expectation values of other operator Q. The 
eigen functions of the Hamiltonian (1) can be written in the 
form 
V. = v.* + V. (4) 
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where y ° - j y > a re t h e e i g e n - f u n c t i o n s o-f t h e u n p e r t u r b e d 
H a m i l t o n i a n (2) and 
N 
.0 
1 ) - -'LL^ Iv/^  > (5) 
j^C E - E 
V 
are the first-order corrections to v with the perturbative 
operator Q (3). E° and E*' are the Zeroth-order energies of 
the states jy/.>.and jy, >. 
The expectation value of field shift operator 
F = C 51 6(r ) , where C is a constant, depending on the 
nucleus and fi(r) the Dirac fi distribution, with the first 
order functions (5). 
N <v/°|Q|v/^°> <v^F|y/ ^ > 
N 
E^ . - E° 
<V/°iF|y/° > <v/°|D|v'° > 
E^ - E° 
N 
I L ( E '^ - E *J (E. *=- E S 
The first term is the first-order expectation value of F 
and the fourth term can be neglected. The second and third 
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terms represent the CSO contributions of Q and F to the 
expectation value of F. It has turned out that the CSD 
corrections of Q and the hyperfine operators CID or the 
isotope shift operator C3I1 can not be neglected. 
The first-order perturbation energy of F is 
AE''" = C|v/(o) l'^  (7) 
2 
where |^(o)| is the non relativistic electron charge 
density at the nucleus. To a good approximation |^(o}| = 
> q |v/(o)| where q is the number of ns electrons present 
n 
in that Estate. The small FS contribution of the P^ix-z 
electrons can easily be accounted C41. The CSD contributions 
to the FS can be written as 
AE ^" = 2 ) — i : i i (8) 
^ } FS ^ pa _ p o 
j ^ i. i j 
where E. and E . are the zeroth-order energies of the 
configurations C. and C having the states w and w 
• • J «- j 
r e s p e c t i v e l y . The sum r u n s over a l l s t a t e s \ff o f a l l o t h e r 
c o n f i g u r a t i o n s C. w i t h s t a t e s t h a t have a s u f f i c i e n t l y l a r g e 
ene rgy d i s t a n c e E - E . . The o n l y c o n f i g u r a t i o n w h i c h 
c o n t r i b u t e t o CSO e f f e c t a r e t h o s e where a v a l e n c e or c o r e ns 
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electron is excited to an empty or half -filled n's shell. CSD 
e-ffects are also called -f ar-conf i guration-mixi ng effects. 
In an nl n's type of configuration the coupling of the 
's' electron to the 1 core causes each parent LB term to 
split into two terms (L,S) = S' + 1/2 and (L,S) = S'-l/2 and 
1 Z 
the FS contributions to the two terms would be different due 
to CSO effect. Experimentally the CSO-FS difference between 
two terms is evaluated by measuring isotope shift in 
transitions from a common level to levels of these two term. 
The FS is given by 
6^ .**' = (ira^  / Z) lAv(o) 1^  F(Z) fi<r^>'**' (9) 
F S o I '^  I 
The difference of the FS in the lines involving (L,S> 
1 
and (L.S) is 
2 
A (6i^ ** > = fiy *^' (L,S) - fiy**' (L,S) (10) 
FS CSO FS 1 FS 2 
which directly gives the CSO effect as 
A ( fiv** ) = - 'i f (Z)/4Z \ AD 6<r^>*^' ^^^^ 
FS CSO I I 
where f(z) a known function which increases with Z and which 
includes the relativistic corrections and those due to the 
finite nuclear charge distribution C53. AD is the difference 
26B 
2 
between electron charge densities |v/(o)| at the nucleus for 
X AA ' 
the two terms, 6<r> is the change in the mean square nuclear 
charge radius between two isotopes with mass numbers A and A' 
and Z is the? nuclear charge. 
The value of AD = D (L,S = S'+l/2) - D (L,S = S'-1/2) is 
proportional to the FB-CSD effect. AD increases linearly 
with the number of nl electrons up to the half-filled shell 
and then decreases in an approximately symmetrical manner to 
the initial value as is shown in Fig. 11.1 for the f 
electrons. The AD increases as the principle quantum number n 
increases for d electrons the effect is an order of magnitude 
larger than for p and f electrons with the same n. All parent 
terms with the same multiplicity produce nearly the same value 
of AD, and the higher the parent multiplicity the higher is 
AD. 
In a non-relativistic scheme, the CSO contributions of 
the FS operator and the magnetic- interaction operators lead 
to a J dependence in the field shift of the levels of a term. 
These effects can be treated in a relativistic formulation 
equivalently as CSO effects of the FS operator and the 
relativistic electrostalic operator. 
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nnn-2js 
:3 
Fig. 11.1 Bahaviour of th« dlf-f«r«nca AO of th« total Hartss-Fock 
•Isctron densities at the nucleus (D • 4n|>^(0)|^ } for 
those two terms of f s belong to the parent term 
with the highest multiplicity and with the highest L 
values, as a function of the number N of electrons with 
principal quantum number n « 4 and S. 
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11.2 Crossed-Second-Drder Field Shift in I and I Terms of 
4f ("I) 65 Configuration of Singly—Ionised Neudymium. 
11.2.1 Introduction 
The study of Crossed-Second Order (CSD) effect in the 
isotope shift (IS) of atomic spectra continues to be actively 
persued both theoretically and experimentally, the studies 
mainly concierning CSD effect in field shift (FS) of heavy 
elements (C63, C71 and references there in). Theoretical 
prediction of the expected value of difference in the field 
shift of I and I term of 4f ( I)6S configuration of 
singly-ionised neudymium due to CSO effect, was made by 
Aufmuth C23 for Nd, Nd isotope pair based on 
measurements by Noldeke C81 in just four lines of Nd II. Ahmad 
and Saksana C93 have reported AT(142-144) in a large number of 
Nd levels provided difference in CSO-FS for I and I terms, 
but the magnitude of A(FS) ' was about same order as the 
CSO 
accuracy of measurements. 
We have carried out the experimental evaluation of CSO 
effect in the field shift of these two terms I and I of Nd* 
based on measurements of isotope shift in spectral lines of 
Nd using Nd and Nd (eight neutrons Jump), as the 
difference in the CSO-FS is about three times more than the 
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accuracy of the measurement. So even with this Doppler limited 
technique, W€» can measure CSO-FS , whose accuracy lies between 
± 3 mK. 
Using the dif-ference in electronic charge densities at 
the nucleus for I and I terms from C2D and recently refined 
2 142 ISO 
parameters and the value o-f 6<r > ' reported by Aufmuth 
et al c m , the expectd value of CSD e-ffect in the field shift 
is reevaluated, the experimental and theoretical values ars 
compared. 
11.2.2 Experimental 
The isotope shift studies in spectral lines of Nd II 
were carried out on a recording Fabry-Perot spectrometer using 
highly enriched isotopic samples of Nd and Nd excited in 
liquid nitrogen cooled hollow cathodes. The details of 
experimental set up are described in chapter 3. Energy levels 
scheme for evaluation of CSD-FS in I and I terms of 
4 S 
4f ( I)6s configuration of Nd II is shown in Fig. 11.2. 
< XIO* c « ' ) 
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F ig . 11 .2 A t y p i c a l example of energy l e v e l s scheme for 
evaluat ion of CSO in I and I terms of 
,.•« .3i 4f ( I ) 6 s conf igurat ion of Nd II 
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11.2.3 Results and Discussion 
In order to measure the difference in CSO-FS, the 
percentage composition of I and I terms of 4f ( I)6s 
reported by wyart II103 was taken under consideration. For 
example we have choosen the transitions from upper level 20830 
cm"* (J=7/2) to the lower levels 513 cm"* (J=9/2) and 1650 
cm (J=9/2). The percentage compositionof I term in the 
level at 513 cm is 707. whereas in the the level at 1650 
cm" , the percentage composition of I term is also 707. . If 
we do not consider the percentage composition of the terras , 
then it is difficult to evaluate accurate difference in 
CSO-FS. In case of the level at 23409 cm"* (J=9/2) , this level 
combines with two lower levels at 1470 cm (J=ll/2) and 1650 
cm (J=9/2). The percentage composition of I terms in level 
1470 cm is SOX whereas the percentage composition of I term 
in the level at 1650 cm is 7071 . Therefore the difference in 
CSO-FS is only -5 mK, which is in disagreement with 
theoretical value. Hence we have choosen only those 
transitions in which the percentage composition of I and I 
in a pair of lower levels is about the same 
Isotope shift studies were carried out in 12 spectral 
lines originating from transitions involving 12 odd parity 
levels and 7 even parity levels of I and- *I terms. The 
27 0 
measured isotope shi-fts Aa (142-150) in these lines o-f Nd II 
are presented in Table 11.1.The transitions studied are o-f the 
type f d —f s, f p—r s and f ds-f s. f d -t s and f p-t s are 
3 4 
showing negative shift where as f ds—f s are showing positive 
shi-ft. These transitions are care-fully chosen so that the 
tansitions -from common upper level to both the lower levels 
lie in nearly the same wavelength region. Hence the normal 
mass shift for both the transitions are same. It is of 'the 
order of 2 mK. After substracting it from observed isotope 
shift, we get the resedual isotope shift (IS) , see Table 
res 
11.1. As the choosen transition is of s-p type, specific mass 
shift is expected to be negligible Cll], 
The theoretical value of CSO-FS has been evaluated using 
the eq (11/ of section 11 and the following parameters were 
used 
6v**' = (na"* / Z) lAv(o) 1*^  f (Z> fi<r^y 
The value of difference in electronic charge density at the 
nucleus, AD is 
AD (4rr jv(o) I '-((4iT |v/(o) j*- M = 3.703 au 
wherein the non-relativistic Hartree-Fock value computed by 
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Table 11.1 Isotope shift in transitions from common odd levels 
to the various levels of I and I of 4f ( I>6s 
configuration of Nd II. The experimental values of 
field shift Crossed-Second-Order effect A(FS) 
a 4 
I, 1 
cso 
for ( Nd — Nd) are given in the last column. 
Transitions Wavelength ( I S ) Obs 
- 6 6 . 8 
- 5 8 . 8 
( I S ) * 
r e s 
- 7 0 . 8 
- 6 2 . 7 
<S 4 
A ( F S ) ' ' ' 
c s o 
E X P THEO 
mK mK 
- 8 . 1 
20830-513 (707. **I) 4920.6 
-1650 (707. *I) 5212.3 
25524-1470 (807. I) 4156.0 -216.2 -221.1 
-3066 (007. *!) 4451.5 
-209 -213.6 -7.5 
26328-1470 (80% I) 4021.7 +86.4 +81.3 
-3066 (E507. I) 4297.7 +94.2 +89.4 -8.1 
26912-2585 (877. "l) 4109.4 
-4512 (B77. *l) 4462.9 
-223.9 -228.9 
-217.4 -222.0 -6.9 
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27146-3801 (937. **!) 4282.4 -93.6 -98.4 
-4512 (877- * I) 4416.8 -87.1 -91.7 -6.7 
30405-3801 (937.**!) 3 7 5 7 . 8 - 8 6 . 1 - 9 1 . 5 
-4512 (877. * ! ) 3 8 6 0 . 9 - 7 8 . 5 - 8 3 . 8 - 7 . 7 
Mean - 7 . 5 - 1 0 . 5 
* ( IS ) has been obta ined by c o r r e c t i n g the ( I S ) f o r normal 
res obs 
mass s h i f t , the e r r o r i n the va lue i s same as f o r ( I S ) ^ 
obs 
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Au+muth [2] was used. The value D-f f (Z) ' was evaluated 
according to blundell C12D by using the following formula 
f (Z) = C /) C /C . 2n/n+3. R^ '' ft<zr./3> (ft»_ft) 
=58E).75 mK/fm^ 
The recently refined new value of nuclear mean square charge 
radii fi<r > ' = 1.162 (fm ) was taken from Aufmuth et al 
CUD. We obtain a value of 
142,150 
<S 4 
f A(FS) ' ' I = - 10.5 mK 
We obtained the difference in the FS of I and I terms, due 
to CSO effect as 
r A(FS) '' ' 1 1^  cso J 
142,150 
<5 4 
= -7.5 mK (1 mK = lo"^ cm"') 
Exp 
which compares well with theoretical value of -10.5 mk. 
27B 
11.3 Experimental and Theoretical Evaluation of 
Crcissed-Second-Drder Field Shift in F and F Terms 
of 4f®(V)6s Configuration of Gd II 
11.3.1 Introducti on 
Ahmad et al C133 had reported AT values of F and F 
terms. The difference between two terms is 2 mK. But they did 
B 7 
not report CSO-FS for these two terms- In the 4f ( F)6s 
configuration of Gd II, the coupling of the s-electrton causes 
7 6 
the parent term F of the 4f -core to split into two Russel 
Saunders terms F and F. CSD effect leads to different 
electron charge density Iv'(o) | at the nucleus for these two 
terms, and thus to different FS values. 
11.3.2 Experimental 
The Isotope shift studies in spectral lines of Gd II 
were carried out on a recording Fabry-Perot spectrometer using 
highly enriched isotopic sample of Gd and Gd excited in 
liquid nitrogen cooled hollow cathodes. The details of 
experimental set up are described in chapter 3. 
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11.3.3 Results and discussion 
Isotope shift studies were carried out in 7 spectral 
lines originating -from transitions involving 3 odd parity 
levels and 7 even levels of F and F terms. The measured 
isotope shift Aa (150-160) of Gd II are presented in Table 
11.2. 
Experimentally the CSO-FS difference between the two 
B 7 
terms of 4f ( F>6S configuration is evaluated by measuring IS 
in transitions from a common upper level to these two terms. 
The three common levels chosen are given in Table 11.2. The 
8 B 
transition studied are of the types 4f 6p-4f 6s configuration, 
showing negative isotope shift. The transitions of the type 
6 6 
4f 6p-4f 6s are supposed to have negligible specific mass 
shift (SMS). The Normal Mass Shift (NMS) for the isotopic pair 
Gd, Gd in the spectral lines studied is of the order of 
2 mk. The residual isotope shift, after correcting for NMS in 
each spectral line, is given in Table 11.2 as (IS) We have 
res 
taken these values for evaluating difference in FS assuming 
that the transitions from common odd level to the levels of *F 
and f terms have the same SMS value. We eport here the xperimental evaluation of CSD-FS of 
these two terms F and F of Ed based on accurate measurement 
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Table 11.2 Isotope shift in transitions from common odd levels 
to the various levels ai F and F of 4f < F)fes 
configuration of Gd II. The experimental values of 
8 <5 
field shift Crossed-Second-Drder effect A(FS> ^' ^ 
cso 
f o r ( Bd - Bd) are given i n the l a s t column. 
^ 8 <S 
T r a n s i t i o n s Wavelength ( IS) ^ ( IS ) A (FS)^ ' ^ 
Obs r e s CSO 
A 
- 6 6 . 8 
- 6 2 . 4 
- 6 8 . 9 
- 6 4 . 4 
EXP 
mK 
- 2 . 5 
THEO 
mK 
3 4 6 0 8 - 1 0 2 9 2 4 1 1 1 . 4 
- 1 1 3 4 3 4 2 9 7 . 1 
35541-11084 4 0 8 7 . 6 - 8 5 . 1 - 8 7 . 2 
-12318 4 3 0 4 . 8 - 8 2 . 3 - 8 4 . 3 - 2 . 9 
36819-12071 4 0 3 9 . 6 - 7 0 . 2 - 7 2 - 4 
-13030 4202 .5 - 6 7 . 3 - 6 9 . 4 - 3 . 0 
Mean - 2 . 8 - 4 . 1 
* ( I S ) has been obta ined by c o r r e c t i n g the ( I S ) f o r 
res obs 
normal mass s h i f t , the e r r o r i n the value i s same as f o r 
( IS ) . 
obs 
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o-f isotope shifts in spectral lines o-f Bd -for Gd, and 
Gd (4 neutrons di-fference) . We obtained the difference in 
the FS of F and F terms due to CSD as 
r A(FS) ^ ' •" 1 j_ cso J 
fl (5 1 iS<S,l<$0 
= - 2 . 8 mK 
Exp 
Using the values of difference in electronic charge 
densities at the nucleus, that is, A {"Ko) j ,fDr F and F 
terms [23, recently refined parameters and our new reported 
values of nuclear mean square charge radii. 6<r ^ = 
0.277 fm C143 We have evaluated the expected value of CSO-FS 
[ 8 <5 ^ _ _ T 15<S,l<SO = - 4 . 1 mK 
Theo 
which compares well with experimental value of —2-8 mk. 
2Sn 
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CHAPTER XII 
EVALUATION OF DIFFERENCE IN NUCLEAR-MEAN SQUARE 
CHARGE RADII OF STABLE ISOTOPES OF Gd 
2S3 
12.1 Isotope Shift and Ch«no«B in Nuclaar Charga Radii i 
Isotope Shift in heavier elements is a composition of 
mass and field shift. The field shift contains the 
information about the nucleus as it arises due to the 
difference in nuclear potential of the isotopes causing 
difference in the electrostatic interaction between the 
electrons and the nuclear charge distribution. The 
information on nuclear charge distribution can be obtained by 
separating SMS and FS via king Plot Cll. The FS value is 
utilised to evaluate the nuclear mean square charge radii 
Earlier it was considered that the nucleus was a point 
charge but later it established that nucleus was an object 
with sharp radius R and uniform density plr). Experimentally 
it has been shown that nucleus had a diffused surface and the 
Fermi distribution is one of the model usually considered to 
describe the charge distribution. This charge distribution 
varies slightly from one isotope to another (as shown in 
Fig.12.1) on addition of nucleons. The different moments of 
distribution are given as 
<r"> = J p(r) r" dV <!) 
284 't
»-r 
T 
Fig. 12.1 Schefflatlc drawing for nuclear charge distribution 
(p ) for the two isotopes A and A' as the function 
of distance r from the origin 
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In the theory C23 of isotope shift, it was shown that the 
second inoniient of the charge distribution is important and is 
given by 
<r^> = J (0(r) r^ dV <2) 
The finite nuclear size effect in electronic spectra is too 
small in order to allow a direct determination of the total 
<r > of a nucleus from a given electronic term value, even if 
this has been measured very accurately £31. So the 
interaction of nuclear charge density at the nucleus will be 
different for different isotopes. The field shift in a 
transition is given by 
6v*^'= lrra'/Z)A|v<o) I* F(Z) fi<r*>^*' (3) 
FS o l'^  I 
Hence, F5 can be factorised into two parts namely, nuclear and 
electronic part. Keeping the electronic factor constant i.e. 
measuring IS in a particular transition in a long chain of 
isotopes one gets information on the variation of mean square 
2 AA' 
charge radii 6 <r > between the two isotopes A and A'. 
2Sfi 
1 2 . 1 . 2 R i i l a t i v i s t i c Cc»rr»ctlon and Evalu«tic9n C3f F factcw- i 
The n o n - r e l a t i v i s t i c f i e l d s h i f t between i s o t o p e s or 
isomers in an o p t i c a l t r a n s i t i o n i s given by 
2lT 
fiv^*' = - -r- Ze*A|*(0) I .(\**) (4) 
FS<nr> 3 ' ' 
where A |*(0) j^  is the change of electron density at the 
nucleus between lower and upper states of the optical 
transition. The change of electron charge density at the 
nucleus A|*(0)j^ is obtained from various experimental 
quantities;. 
z z^ 
1. -^ « da 
|»/«»|^ = (1—3—) (5) 
n a n 
o 
^^-a^oFS = 2 Z^  / t a^  n*' 1 (1 + 1/2) (1+1) 
nl «. o O 
with t h e €»ffective charges Z. and Z , t h e e f f e c t i v e quantum 
l O 
n = n - a and the quantum deffect o. 
The relativistic treatment involves factorisation of A|<i'(o) j* 
into the product of the difference of the total 
non-relativistic charge density for a point nucleus and a 
function F{Z) which takes care of relativistic corrections to 
F for a certain type of nuclear charge distribution i.e. 
2S 
2n 
IF = — ^ — Ze^.A|*(0)|^ = (naVz)A(v'(o> 1^  F(Z) <6) 
V 
= E F(z) (7) 
where E is the electronic -factor, F(z) is a function 
increasing with Z and includes the relativistic corrections 
and those due to finite nuclear charge distribution. 
The function F(2) includes the details of Dirac small 
and large radial functions for a finite nuclear size. It is 
derived from the isotope shift constant C ^ = fiv / E, 
unv f unV f t 
The values of the isotope shift constant C for the isotope 
unvf 
pair (A+1, A) have been evaluated by Blundell etal C4]. The 
value for the isotope pair (A,A') may be found out from the 
expression 
C **' = (A'-A) C ***'* + n<Z>. 
uni-f unvf 
[ [ A'^^^^ - r^^ ] - (A- - A) [ (A+1)^^^^- A^ ''^ ' 1 
where y = (1-za) , isaisfine structure constant, Z the 
atomic number. (3 (Z) has been obtained calculating C for 
uni. f 
several pairs of isotopes for a given value of Z and by using 
a least square fit to the formula given above. 
(B) 
2S8 
Thisi pararaetrization is based on the known A 
dependence; of C t53 and accurately reproduces C . , -for 
^ unvf unif 
isotope pairs. These tabulated C . , values have removed some 
unv f 
inadequate approximation of the earlier approaches. The 
improved cfxpression, which include the contributions to the 
higher order radial moments of the nuclear charge distribution 
to the higher order radial moments of the nuclear charge 
distribution at least withirN 1% of C . , , was given by 
uni f 
Zimmermann C6D. Therefore the expression for F(Z) is now as 
F(2) = C / X ., (9) 
j^ AA' = :^ c /c .a <r^"> **' (10) V C C    
F(Z) = C / ) C /C . 2n/n+3. R ^ '^  A **'^ '* (A'-A) (11) 
unu / n 1 o 
where A= (A+A )/2. These relations form the basis of 
AA' 
semi-emperical evaluation of \ . Ec)uations (10) and (11) 
differs from the conventional definition of F(Z) which is made 
under the approximate assumption of \ -^ fi<r >. Since the 
Coulomb potential at the nucleus is so much larger than the 
binding energy, the S-wave function is largely independent of 
the principal quantum number. For instance, the change in 
C /C in going from Is to 2s amounts to only a few tenths of 
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percent. So the relative contribution of di-f-ferent moments to 
the FS ara nearly equal for K X-ray and the optical 
transitions. This means that both atomic optical and X-ray 
isotope shifts measure the same nuclear parameter. Therefore, 
the ratio C /C can be obtained from the C values given for K 
X-ray shifts by Seltzer C73. 
For the evaluation of nuclear parameters, the F factor 
given below for a perticular transition 
F. - <"a^^'' Z) [ A|v/(o) 1^  1 F{Z) (12) 
The change of electron charge density A|v<(0) | is 
evaluated as mentioned earlier. The F(Z} factor is taken from 
the tabulated values by Blundell et al C4]. The nuclear 
parameter can be obtained once the FS is separated from the 
mass shift. 
12.1.3 Saparation of Mass and Field Shifts 
Experimentally one measures only total isotope shift (MS 
+FS). The separation of mass shift and field shift is done by 
King's method CI]. 
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The to ta l isotope s h i f t in two d i f f e ren t t rans i t ions 1,2 i s 
given as 
av^^' « <5P*^ 'E / E + (A'-A) / AA'. f (M-M').E / E l (13) 
These equations ars first normalised by multiplying it by 
AA'/(A-A'). Thus we have a linear equation of the same 
argument X^* <A-A'>/AA". C83. These renormalised isotope 
shifts are plotted for all pairs of AA' in a (X,Y) plane, 
where the data points form a straight line with slope F /F 
and intersection (N + S ) - (N +S ) F /F on the y-axis. 
2 2 1 1 2 1 
Hence the ratio of field shifts and the differences of mass 
shift factor (modified by F /F in one term) can be extracted 
2 1 
separately from the King plot. All the data point should fall 
on a straight line within the limits of experimental error. 
The King plot cannot be made if the field shifts are 
proportionate to their mass shifts. In that case the data 
points converge towards a single point on the king line and 
the fit of its two parameters i.e. slope and interaction 
becomes rather poor.One needs atleast three isotope shift 
measurements for preparing a King plot. If one is restrictd 
only to the optical spectrum then choosing a transition 
wherein the SMS is known becomes difficult. So the electronic 
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x-ray Zll and the Muonic isotope shifts [9D are used to 
calibrate the optical isotope shifts. 
12.1.4 ChAnges in th« Mean Bquarc Charga Radii and Nuclaar 
Dtt-formation 
The field effect of isotope shift measures the change of 
mean square charge distribution. So it is mainly governed by 
nuclear properties. According to nuclear model Mith saturated 
short range binding, nuclear volume is proportional to the 
Z 2/3 
mass number and hence <r > is proportionate to A In case 
of rare-earths fi<rS is not a smooth function of A C103. Thus 
2 2 
the change in <r > between isotopes, G<r > can arise from 
changes in nuclear shape as well as in nuclear volume. This 
shape dependence has a strong and sometimes even abrupt 
A-dependence as a consequence of sudden transition from 
spherical to strongly deformed nuclear shape. 
The surface of an axially symmetric deformed and 
uniformly charge nucleus can be obtained from a spherical one 
by the following transformation tll3. 
R^= R n (1 + Z p Y(e) (14) d o i 
C 
viHiere P. are measure of multipole deformations of order i . n 
i s the normalization factor of p. . The lowest order 
292 
contribution of (3 to <r > is given by 
,_z r> = <r > r 1+ 5/4n 1 E <p > (15) 
and the^ e^ ''0^ e to the first order 
fi <r*> = a<r^> +<r*> 5 /4IT Y 6<p *> (16) 
d s a Zi I. 
where ^<r^> = 3/2 R^ , R used can either be from the droplet 
8 O O 
or the simple l iqu id drop value of 1.2 A fm. Thus the 
equation Qives a separation of fi<r > in to voluoie (S) and shape 
(d) e f f e c t . 
fi <r*> = fi<r* > + fi<r* > (17) 
s d 
2 
The shape effect on <r > is dominated by the quadrupole 
model (p ) and others are negligible. The equation C17] can be simuplified as 
a<r^ >*^ '^ = <r^>*^' 5/4n fi <^ 5*' (IB) 
' 2 
Ahmad et al C12] has evaluated p from the observed &<r >. 
The influence of 6<r^> on the higher order multiploes has been 
discusseed by Ahmad et al 1113]. 
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12.2 Evaluation of Nucl««r -Mean 8qur« CharQ* Radii of 8tabl> 
Isotopes of ^6d (A- 152,154,156,158 and 160) 
12.2 1 Introdiction 
In the recent years there has been considerable interest 
to study the changes in mean-square nuclear charge radii in 
rare-earths isotopes lying in the interesting region of shell 
closure and shape transition C12.1AD. These studies have been 
carried out using optical technique to measure isotope shift 
(IS) involving long chains of isotopes far from |3-stability. 
Only difficulty in the evaluation of 6<r >, is the evaluation 
of specific mass shift (SMS) in the optical transition. In Gd 
2 
the absolute values of isotopic variation of fi<r > from 
optical IS data have been obtained by calibrating with the 
reported values of fi<r > obtained by K X-Ray Spectroscopiy t9] 
and muonic X-ray spepctroscopy C15]. 
The present studies were taken up in order to evaluate 
specific mass shifts and changes in the mean-square nuclear 
charge radii of stable Gd isotopes using an optical 
method. Isotope shift has been measured involving all the 
stable even-even isotopes including the rare *'*Gd naturally 
abundance 0.27. and we used 32.23X enriched sample. 
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12.2.2 Experimental 
The isotope shift studies were carried out using highly 
enriched isotopic sample in liquid nitrogen cooled hollow 
cathodes and a photoelectric recording Fabry-Perot 
spectrometer. The experimental details are same as described 
earlier in chapter 3. A large number of scans were obtained 
by using "Source-exchange" technique with two isotopes in two 
different hollow cathodes. The accuracy of measurements is 
between 0.4 to 0.6 mk (1 mk=29.97 MHz). All the isotope shift 
values are given in MHz for easy comparison with other 
reported values. Isotope shift in 3813.97 A, Bd II line 
recorded with 'source exchange technique', is shown in 
Fig. 12.2. 
12.2.3 Rcisults and discussion 
Isotope Shifts of all naturally occuring gadolinium 
isotopes have been measured in carefully choosen four 
transitions of Gdll in the UV region. The four selected 
7 7 
transitions are of type 4f 5d6p-4f 5d6S (Fig. 12.3) and are 
expected to have negligible specific mass shift the transition 
being of the ns-np type [163. The selection was based on the 
criteria that the levels involved were with purest levels 
configuration possible for all these four transitions the 
purity of the lower 4f 5d6S level is given as 1007.. Isotope 
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Fig. 12.2 Isotopw shift in 3813.97 A, Gd II lins racordad 
with source exchange technique, ^a « 501 mK, 
13(152,156) - -230 mK, I - 32 mA 
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(xlO^ cm'*) 
2 9 
2B 
27 
26 -
J«l l /2 !r 
J-9/2. 
.I-7/2 • 
J-5/2 • 
J-9/2 
J-S/2 
*—* 
4f 5d6p 
4-f 5d6p 
4-f 5d6p 
4 f ' 5d6p 
4f 5d6s 
4f^5d6s 
Fig. 12.3 A typical example of energy levels scheme for 
•valuation of difference in mean-square charge radii 
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Shi-ft in 3671.20 A, 3759.00 A, 3768-39 A and 3813.97 A lines 
of Gd spectrum were measured involving all the stable 
even-even isotopes Table 12.1. 
12.2.4. Evaluation of SMS and 6<r^> 
The isotope; shift fiv in an optical transition ^i' (as 
t. 
discussed in detail undersection \^i) of frequency v.can be 
expressed as sum of a mass shift (MS) and field shift (FS) 
i.e. u*^' + V**' . The MS. t/'^ *' = (N+S ) (A'-A/AA' is 
t , M S V , FS -^  i, M S I i 
separated into trivial normal mass shift N = v/ 1836.1 and 
I i 
SMS constant £J. which accounts for electron - correlation 
effects. So it is very difficult to calculate it. The filed 
shift is connected with fi<r > by 
2n. AA' v^^' = F r a<r''>**' + y (c /c a(r^"> 
i f FS i I ^ n 1 
where F = (na' A|v(o)I' / Z ). F<Z) = E F(Z) 
where E is electronic factor and F(Z) is nuclear factor. The 
i 
electronic factor E. depends on the change in non-relativistic 
electron charge density at the nucleus during transition 
between the upper and lower levels tl2,173. 
23S 
Table 12.1 Isotope shift Aa ( Gd- Bd) in UV lines of Gd"^  
Wavelength Classification IS 
A — (MHz) 
Config.. E (cm ) -Config. E (cm ) 
odd even 
3671.20 1007. f^is 633 '°D - f^dp 27864 *°F -3012(45) 
P/Z 11/2 
3768.39 " " " - f'dp 27162 ***F -3006(60) 
S>/'2 
3759-00 1007. f"'ds 0.0 ***D - f^dp 26595 *°F -2848(45) 
5/2 7/2 
3813.97 " " " - f'dp 26211 ^^ 'F -3220(45) 
5/2 
Table 12.2 Observed isotope shift (IS) and field shift (FS) 
in the 3813.97 A line of Gd*; the nuclear 
2 
mean-square charge radii fi<r > from the present 
study and earlier studies. 
Isotope pair IS FS 6<r^> 
(MHz) (MHz) Present work X-ray Mean value 
^^ '^Gd, "®Gd -1628 -1662 0.138(4) 0.154(10) 0.138(9) 
*'®Gd, *'**6d -1577 -1612 0.134(4) 0.144(11) 0.131(12) 
*'**Gd, *'*Gd -2113 -2149 0.179(4) 0.203(23) 0.173(17) 
*• Gd, "*"Gd -4808 -4845 0.402(4) - 0.416(39) 
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The SMS and FS from the observed v are separated by 
King's method 111. For transitions i and j the modified 
shifts 
C = v^^' I AA'/(A-A') 1 - N 
for all pairs A, A' are plotted against the corresponding 
quantity C • The resulting straight line has a slope p=F /F , 
which is called ratio of field shift factor, the intercept 
S -OS . After inserting the numerical value of p in the 
expression of intercept, a pure SMS quantity is obtained. If 
S is known for transition i then the SMS in transitions j can 
be calculated. 
2 
We evaluated 6 <r > values using the method described in 
[123. The F factors were calculated using our value of 
|*(a) 1^  = 8.461 a^ and F(2) = 22.94 SHz / fm^. We did 
not have to calibrate our F-factor as was done in LQl, 
We obtained i5<r^ >*'^ '*'* = 0.423(4) fm^ as compared to 
mean value of 0.416 fm^ (16) and 0.457 fm^ CIS] (X in C163 and 
L18D converted to 6<r > by dividing by 0.95.) 
The fi<r*> values obtained presently are given in Table 
12.2 along with the earlier reported values. 
300 
Re-fBr«nc*s 
C n W. H. King, J. Opt. Soc. Am 53, 638 <1963) 
L21 R. A. Bodmer,, Nucl. Phys 9, 371 (1959) 
[33 R. R. Roy and B. P. Nigam, Nuclear Physics (Wiley Eastern 
Limited ) 
CAD S. A. Blundell, P. E. B. Baird, C. W. P. Palmer, 
D. N. Stacey, G. K. Woodgate, and D. Zimmermann, Z. Phys. 
A321, 31 (1985) 
C53 A. R. Bodmer, Proc. Phys. SOC. A66, 1041 (1953) 
C6D D- Zimmermann, Z. Phys A321, 23 (1985) 
E73 E. C. Seltzer, Phys. Rev. 188, 1916 (1969) 
CB] J. E. Hansen et al, Z. Physik, 203, 296 (1967) 
C9D S. K. Bhattacherjee, F. Boehm. and P. L. Lee, Phys. Rev. 
188, 1919 (1969) 
LIOD E. W. Otten, Treatise on Heavy Ion Physics vol. 8 (1987) 
Cll] W. D. Myers and K. H. Schmidt, Nucl. Phys. A410,61 (1983) 
C12] S. A. Ahmad, W. Klempt, C. Ekstrom, R. Neugart and 
K. Wendt, Z. Physik, 321, 35 (1985) 
C13] S. A. Ahmad, W. Klempt, R. Neugart E. W. Otten, P. B. 
Reinnard, G. Ulm and K. Wendt, Nucl. Phys. A483, 244 
(1988) 
[143 R. Neugart, K. Wendt, S. A. Ahmad, W. Klempt and C. 
Ekstromet, Hyperfine Interact 181, 15 (1983) 
301 
C153 D. Laubacher, Y. Tanaka, R. M. Stef-fen, E. Shera and H. 
V. Hoehm, Phys. Rev C27, 1772 (1983) 
C16] P. Au-fmuth, «. Heilig and A. Steudel At. Data and Nucl. 
Tables., 27, 455 (1987) 
C17: K. Heilig and A. Steudel, At Data h. Nucl. Data Tables 
14, 613 (1974) 
tie: S. B. Dutta, A. G. Martin, W. F. Rogin and D. L. Clark, 
Phys. Rev. C42 1911, (1990) 
[19: M. V. Hoehn, E. B. Shera, H. D. Wohlfahrt, Y. Yamazaki, 
R. M. Stef+en and R. K. Sheline, Phys. Rev., C24, 1667 
(1981) 
302 
APPENDIX lA Z'. IB 
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I r a n s i l i o n A r r a y -for Nd 11 
Low Even L e v e l s t o H i q h Odd L e v e l s 
Even L e v e l s f s f s f s f s f s f s 
0.00 513 1170 1650 2585 3066 
Ddd Levels J 7/2 9/2 11/2 9/2 13/2 11/ o 
f'^p 25524 13/2 4156 4358 4451 
(-164) -167) (-162) 
f*p 25876 5/2 3863 
(0) 
26116 5/2 3814 
(-3) 
26206 7/2 3814 
(-3) 
f*p 26640 7/2 3752 
(+2) 
26759 9/2 3809 
(+8) 
f^ p 26772 11/2 3951 3979 4133 
(-88) (-85) (-90) 
f*p 27425 9/2 3851 
(0) 
f^ p 27448 13/2 3848 
(-73) 
27638 7/2 3846 
(-45) 
f'ds 27694 7/2 3609 
(-89) 
i*p 27921 9/2 3805 
(-36) 
304 
27934 9/2 
2B089 13/2 
28170 9/2 
3645 
(+65) 
3755 
( -27) 
3803 
(+70) 
3769 
( + 17) 
28298 9/2 
i*p 28540 15/2 
3598 
(+62) 
3851 
(-76) 
f ds 28340 9/2 
f*p 28563 13/2 
•f*p 28582 11/2 
3592 
(+83) 
3687 
(-61) 
3848 
(-77) 
28785 9/: 3659 
( + 11) 
?9036 7/2 3650 
( + 11) 
f p 29043 9/2 3848 
(-13) 
29220 9/: 3822 
(0) 
2929B 9/2 3811 
(+55) 
30027 5/2 3328 
(+84) 
30292 5/2 3300 
(0) 
30681 7/2 3443 
(-20) 
30F^  
30990 9 / 2 33B6 
( + 1 3 ) 
32253 9 / 2 3425 
(0) 
Transition Array for Nd II 
Low Even Levels to High Ddd Levels 
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Even Levels 
Odd Levels J 
f*s 
513 
9/2 
3468 
(+85) 
fS 
1470 
11/2 
+ S 
1650 
9/2 
iU 
2585 
13/2 
3737 
(+87) 
fS 
3066 
11/2 
3805 
(-78) 
3791 
(-19) 
3730 
(-182) 
f S 
3801 
15/2 
3822 
(+41) 
f ds 29336 U/2 
i*P ?9434 13/2 
f*p 29864 9/: 
29955 15/: 
30161 11/: 3484 
(0) 
^*P 30405 15/2 3757 
(-71) 
f^ds 30453 7/2 3470 
(+85) 
30813 13/2 3541 
(+46) 
f ds 30919 7/2 3415 
(+68) 
f ds 31451 9/2 3334 
(+64) 
3354 
(+71) 
31618 9/2 3316 
(O) 
f ds 31900 11/2 3410 
(+81) 
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Transition Array for Nd II 
Low Even Levels to High Odd Levels 
Even Levels 
Odd Levels 
31993 
J 
9/2 
f*s 
513 
9/2 
1470 
11/2 
f*s 
1650 
9/2 
3294 
(0> 
fS 
25B5 
13/2 
f*s 
3066 
11/2 
f*s 
3801 
15/2 
32375 11/2 3411 
(+38) 
32444 11/2 3348 
(+8) 
i p 32759 11/2 3313 
( + 11) 
33809 13/2 3331 
(+61) 
f ds 34087 13/2 3300 
(+96) 
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Transition Array for Nd II 
Low Even Levels to High Odd Levels 
Even 
Odd 1 
i*9 
f^ds 
f*P 
^*P 
-
-
f^ds 
-
Levels 
revels 
26912 
30691 
30781 
31153 
31256 
31274 
31675 
32093 
J 
15/2 
11/2 
17/2 
13/2 
13/2 
11/2 
17/2 
15/2 
f*s 
25B5 
13/2 
4109 
(-172) 
fS 
3801 
15/2 
4325 
(-174) 
f*s 
4437 
11/2 
f*s 
4512 
13/2 
4462 
(-170) 
3818 
(+63) 
3752 
(-47) 
3738 
(-51) 
3735 
(+7) 
3624 
(-74) 
f*s 
5085 
15/2 
3890 
(-136) 
3759 
(-95) 
5985 
15/2 
3955 
(-47) 
3891 
(-87) 
32095 13/2 3828 
(-3) 
32221 15/2 3810 
(-72) 
f p 32464 15/2 3775 
(-17) 
32423 15/2 3781 
(-54) 
32581 13/2 
33526 17/2 
f'ds 34119 17/2 
34227 11/2 
i*p 34689 13/2 
34841 15/2 
35106 13/2 
309 
3758 
(-49) 
3629 
(-12) 
3443 
(+142) 
3364 
(-11) 
3304 
(+79) 
3309 
(+8) 
3432 
(-15) 
Transition Array for Nd II 
High Even Levels to Low Odd Levels 
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Even Levels 
Odd Levels 
f^ds 10054 
f'ds 10091 
J 
11/2 
9/2 
f'dp 
37517 
11/2 
3640 
(-228) 
•f^dp 
39509 
15/2 
•f'dp 
40442 
7/2 
3293 
f^dp 
40693 
19/2 
f'dp 
43212 
7/2 
(-156) 
f ds 12028 13/2 3637 
(-143) 
•f ds 13911 17/2 3732 
(-222) 
f^ d^  15345 7/2 3587 
(+87) 
Transition Array for Nd II 
High Even Levels to Low Odd Levels 
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Even Levels 
Odd Le 
f'd^  
f'ds 
f^ d" 
vels 
12600 
12861 
14894 
J 
19/2 
7/2 
15/2 
f'dp 
40133 
17/2 
3631.0 
(+40) 
f*dp 
40859 
13/2 
3850.2 
f'dp 
43212 
7/2 
3293 
(-163) 
(+9) 
312 
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Transition Array for Yb II 
Odd Levels to Even Levels 
Odd Levels 
Even 
f"s 
f"sp 
f sp 
,13 
i sp 
Levels 
0.00 
48900 
49301 
49498 
J 
1/2 
7/2 
9/2 
5/2 
,13 Z f S 
2141B 
7/2 
3637 
(-113) 
3585 
(-114) 
3560 
(-117) 
•f ds 
26759 
5/2 
4515 
( + 10) 
* p 
27061 
1/2 
3694 
(-83) 
•f ds 
2B757 
3/2 
3476 
(+66) 
+ P 
30392 
3/2 
3289 
(-74) 
f"sp 53404 5/2 
f^ s^ 54304 1/2 
f"sp 56375 5/2 3375 
(-59) 
3669 
( + 10) 
4056 
(0) 
3619 
(-57) 
4180 
(+3) 
314 
Transition Array for Yb II 
Odd Levels to Even Levels 
Odd Levels 
Even Levels 
f ds 
2B757 
3/2 
f ds 
30224 
9/2 
•f ds 
30562 
11/2 
•f s 
31568 
5/2 
-f ds f ds 
13 f sp 52517 11/2 4553 
(0> 
+*^sp 53702 9/2 4254 
(O) 
4316 
(0> 
f*'sp 57765 9/2 3675 
(-10) 
f^'dp 58961 11/2 3478 
(-111) 
4135 4322 
(-96) (-108) 
f*^sp 59259 5/2 3610 
(-119) 
.13 f sp 59618 7/2 3563 
(-108) 
13 f sp 59710 3/2 3229 
(0) 
3552 
(-120) 
rl3 f dp 64923 9/2 3436 
(-109) 
rl3 f dp 65199 9/2 3428 
(-98) 
rl3 f dp 65950 9/2 3319 
(-80) 
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Transition Array for Yb II 
Even Levels to Odd Levels 
Even Levels f dp -f dp f dp -f d f dp f dp 
61051 61214 61374 62559 62861 63647 
Odd Levels J 7/2 9/2 5/2 5/2 11/2 3/2 
f**ds 30562 11/2 3261 
(-103) 
f*^ ds 31979 7/2 3438 3401 3269 
(-106) (-92) (-171) 
f^ d^s 32371 5/2 3485 
(-114) 
f^ 'ds 33052 9/2 3570 3549 
(-111) (-102) 
f**ds 33494 7/2 3606 
(-102) 
f*^ ds 34575 3/2 3572 3560 3438 
(-145) (-91) (-86) 
f ds 34V84 11/2 
f*^ ds 37077 5/2 4170 
(-93) 
f"ds 37516 7/2 4190 
(-81) 
f^ d^s 38342 9/2 4370 4077 
(-83) (-84) 
Transition Array for Yb II 
Even Levels to Odd Levels 
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Even Levels 
Odd Levels 
f ds 
•f d s 
•f d s 
•f ds 
33052 
33494 
34784 
37077 
J 
9/2 
7/2 
11/2 
5/2 
f*"dp 
63726 
7/2 
3259 
(-101) 
3306 
(-106) 
f dp 
63949 
11/2 
3482 
(-98) 
f dp 
65577 
7/2 
3507 
(-92) 
317 
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Transition Array For Gd I 
Low odd Levels to High Even Levels 
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Odd Levies 
Even Levels 
f ds 
0 
2 
f ds 
215 
3 
f ds 
532 
4 
f ds 
999 
5 
•f d s 
1719 
6 
f"ds 
•f dsp 
f®ds 
f^dsp 
f^ds 
'^'dsp 
f^ 'dsp 
f^ds 
f"d5 
f^dsp 
f^ds 
f"ds 
f^dsp 
f*ds 
o 
-f*ds 
f dsp 
^7 .2 
•f d p 
25820 
26247 
26335 
26394 
26588 
26615 
26866 
270411 
27118 
27135 
27315 
27336 
27425 
27571 
27704 
27731 
27861 
4 
3 
5 
2 
2 
5 
4 
3 
2 
3 
5 
6 
4 
5 
4 
5 
3 
3787. ,1 
(-67.2) 
3759. 
(-120. 
3686 
(-108. 
3684. 
(-65. 
,9 
.6 
.4 
,6) 
,1 
4) 
3904.2 
(-123.2) 
3840.2 
(-129.4) 
3874.4 
(-127.1) 
3790.6 
(-119.7) 
3751.1 
(-106.9) 
3726.5 
(-108-1 
3715.9 
(-107.3) 
3713.5 
(-65.9) 
3887.7 
(-127.5) 
3832.9 
(-133.8) 
3771.2 
(-107.7) 
3757.9 
(-67.4) 
3732.6 
(-110) 
3717.4 
(-68.1) 
3762.2 
(-105.4) 
3679.2 
(-111) 
3658.1 
(-\b1.A^ 
3864.7 
(-108.2) 
3838.9 
(-108.1) 
3795.7 
(-109.1) 
3783.0 
(-69.7) 
3866.9 
(-108.8) 
3739.7 
(-102.5) < 
3905. 
(-110, 
3843. 
[-103. 
.6 
.4) 
2 
1) 
Transition Array Far Bd I 
Low odd Levels to High Even Levels 
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Odd Levies 
Even Levels 
,7 . 2 
-f ds 
0 
2 
f ds 
215 
3 
f ds 
532 
4 
f ds 
999 
5 
f ds 
1719 
6 
f''d*p 28111 
f*ds 28215 
28414 f^ds 
f dsp 29119 
f'^ d^ p 29209 
f dsp 29358 
f^dsp 29451 
29557 
'^'d^ p 29628 
f'ds 29888 
i dsp 30307 
f^ d^ p 30881 
-f^ d^ p 31457 
f'^ d^ p 32091 
4 
3 
5 
5 
4 
4 
5 
1 
5 
5 
4 
3 
5 
6 
3382.2 
(-123.7) 
3583.6 
(-154.1) 
3611.4 
(-106.4) 
3584.5 
(-133.8) 
3497.0 
(-104) 
3486.1 
(-125.4) 
.1 
2) 
3525. 
(-115. 
3513.6 
(-101.3) 
3582.0 
(-153) 
3294.0 
(-126.5) 
3744.8 
(-139.2) 
3604.8 
(-104.8) 
3584.9 
(-134.5) 
3411.0 
(-86.5) 
3361.7 
(-124.2) 
3291.4 
(-139.5) 
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Transition Array For Gd I 
Low odd Levels to High Even Levels 
Odd Levies 
Even Levels 
f'd% 
f"ds 
f d p 
f^d^P 
f^ds 
f^d^p 
f^ds 
f^ds 
" 
f"ds 
32272 
32549 
32785 
32886 
32931 
32966 
32984 
33602 
33704 
33942 
J 
3 
4 
4 
4 
5 
6 
4 
2 
3 
3 
f d s 
637B 
2 
3860.7 
(-56.1) 
f ds 
6976 
5 
3909.2 
(-89.1) 
3873.5 
(-132.3) 
3858.4 
(-132.2) 
3851.6 
(-139.8) 
3846.4 
(-146.3) 
t ds 
7234 
4 
3912.7 
(-135.7) 
3897.3 
(-133.2) 
3890.9 
(-141.8) 
•f d s 
7426 
3 
3911.6 
(-141) 
3804.3 
(-102.9) 
f ds 
7562 
2 
3839.1 
(-120.2) 
3824.1 
(-104.5) 
3789.6 
(-138) 
T r a n s i t i o n A r r a y For Gd I 
Low odd L e v e l s t o H igh Even L e v e l s 
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Odd L e v i e s 
Even L e v e l s 
f ds 
7234 
4 
f ds 
7426 
3 
f ds 
7562 
2 
t ds 
7653 
1 
f«ds 
-
f^ d^ p 
•f'dsp 
f-ds 
33552 
34147 
34951 
35360 
35498 
3 
2 
5 
3 
4 
3606.9 
(-51) 
3537.0 
(-138) 
3826 .5 
( -138) 
3 7 6 0 . 4 3773 .4 
( - 9 3 . 1 ) ( - 9 1 . 3 ) 
3578 .8 
( - 4 4 . 3 ) 
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TRANSITION ARRAY OF Gd II LINES 
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Transition Array for Gd II 
Low Odd Levels to High Even Levels 
Odd Levels 
Even Levels J 
f^ds 
0 
5/2 
f'ds 
261 
7/2 
f^ds 
633 
9/2 
f^ 'ds 
1158 
11/2 
f'ds 
1935 
13/2 
f^ sp 25668 7/2 
i'^dp 26211 5/2 
f^ s 26351 9/2 
f^sp 26455 9/2 
f^ 'dp 26595 7/2 
f^ dp 27162 9/2 
f^ dp 27297 5/2 
f^ d 27417 7/2 
f'^ dp 27864 11/2 
f^ 'dp 27988 7/2 3571 
(-81) 
f%p 28502 11/2 3656 
(-30) 
f*d 28629 5/2 3491 3524 
(-129) (-132) 
3894 
(0) 
3813 
(-109) 
3662 
(-66) 
3934 
(0) 
3852 
(-105) 
3831 
(-51) 
3816 
(-10) 
3796 
(-98) 
3716 
(-99) 
3697 
(-58) 
3993 
(0) 
3871 
(-10) 
3768 
(-104) 
3732 
(-90) 
3968 
(-50) 
3952 
(-10) 
3844 
(-103) 
3743 
(-94) 
3855 
(-98) 
Transition Array for Bd II 
Low Odd Levels to High Even Levels 
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Odd Levels 
Even Levels 
f'ds 
0 
5/2 
f^ds 
261 
7/2 
f^ds 
633 
9/2 
f'ds 
1158 
11/2 
•f''ds 
1935 
13/2 
f sp 29242 7/2 
f"'sp 29353 13/2 
f dp 30008 7/2 3331 
(-94) 
3494 
(-25) 
3545 
(-94) 
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Transition Array for Gd II 
Low Odd Levels to High Even Levels 
Odd Levels f^ 'ds f^ 'ds f'ds f'ds f^ds f'ds 
1935 2856 3082 3427 3444 3972 
3687 
(-90) 
3730 
(-88) 
3767 
(-145) 
Even Levels J 13/2 3/2 5/2 7/2 13/2 9/2 
f^ dp 29877 3/2 
f'dp 29965 5/2 
f^ dp 30101 11/2 3549 3826 
(-68) (-50) 
f^ dp 32260 5/2 3399 3467 
(-15) (-69) 
f^ dp 32262 7/2 3468 
(-151) 
•f^dp 32490 7 / 2 3399 3505 
(0) (0) 
f^ dp 33596 9/2 3315 
(-135) 
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Transition Array For Dy I 
Low Odd Levels to High Even Levels 
Odd Levels 
Even Levels 
i ds 
7565 
8 
f ds 
8519 
7 
•f d s 
10088 
6 
f**dsp 
f**dsp 
f^ 'dsp 
f**dsp 
f**dsp 
f^dsp 
f**dsp 
33475 
33552 
33753 
34174 
'.4676 
3474: 
35003 
35053 
35249 
8 
8 
8 
8 
3858 
(-77) 
3847 
(-67) 
3817 
(-64) 
3757 
(-87) 
3678 
-81) 
3611 
(-81) 
3821 
(-76) 
3812 
(-85) 
3774 
(-76) 
3767 
(-73) 
3740 
(-79) 
35970 3862 
(-73) 
36093 3844 
(-83) 
36365 3804 
(-104) 
Transition Array For Dy I 
Low Odd Levels to High Even Levels 
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Odd Levels 
Even Levels 
•f ds 
8519 
7 
f ds 
9990 
9 
f ds 
10088 
6 
•f d s 
12007 
8 
i ds 
12655 
7 
36417 7 
f dsp 36487 9 
36490 10 
36807 B 
37366 7 
3583 
<-64) 
3465 
(-76) 
3773 
(-106) 
3772 
(-100) 
3727 
(-98) 
37980 7 
38150 8 
38285 9 
3804 
(-104) 
f dsp 38444 9 
38452 7 
39096 8 
39376 B 
3823 
(-B0) 
3804 
(-99) 
3781 
(-93) 
3780 
(-116) 
3780 
(-159) 
3741 
(-98) 
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Transition Array For Dy I 
Low Odd Levels to High Even Levels 
Odd Levels 
Even Levels 
f ds 
7565 
B 
f ds 
12892 
10 
f ds 
13495 
9 
36954 8 3401 
(-41) 
f**d5p 39035 9 3824 
(-159) 
39692 9 3739 
(-70) 
39895 9 3786 
(-108) 
f**dsp 40005 10 3771 
(-131) 
40683 9 3597 
(-129) 
330 
APPENDIX VI 
TRANSITION ARRAY OF Dy II LINES 
331 
Transition Array For Dy II 
Low Even Levels to High Odd Levels 
Even Levels t s f s 
0 828 
Odd Levels J 17/2 15/2 
f**d^  26853 13/2 3841 
(-78) 
f^ds 27193 13/2 3791 
(-39) 
f*'ds 27216 15/2 3788 
(-39) 
f**d^  27232 17/2 3786 
(-57) 
f**d^  27435 15/2 3757 
(-56) 
27502 13/2 3747 
(-35) 
27792 13/2 3707 
(-87) 
i^d^ 27885 15/2 3585 3694 
(-45) (-43) 
•f**ds 28252 17/2 3538 3645 
(-80) (-78) 
f*°p 28306 19/2 3531 
(-78) 
i^d^ 28456 13/2 3618 
(-24) 
i^d^ 28885 15/2 3563 
(-52) 
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Transition Array For Dy II 
Low Even Levels to High Odd Levels 
Even Levels T s f s 
0 82B 
Odd Levels J 17/2 15/2 
f**d^  29014 17/2 3445 3546 
(-61) (-58) 
i^d^ 29109 15/2 3434 3534 
(-5B) (-56) 
^^ ''p 29336 17/2 3407 3506 
(-59) (-64) 
f*°p 29436 15/2 3396 3494 
(-61) (-65) 
f**d^  29681 19/2 3368 
(+60) 
i^d^ 30112 15/2 3413 
(-52) 
f**d^  30287 13/2 3393 
(-42) 
i^d^ 30747 15/2 3341 
(-61) 
f**d^  30973 13/2 3311 
(-37) 
Transition Array For Dy 11 
Low Even Levels to High Odd Levels 
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Even Levels 
Odd Levels 
f*°s 
828 
15/2 
f S 
4341 
15/2 
f**»s 
4755 
13/2 
i^d^ 30361 13/: 3385 
(-50) 
3842 
(-44) 
f^ d^  30399 15/2 3836 
(-64) 
f**d^  31183 13/2 3724 
(-61) 
31715 13/2 3708 
(-106) 
i^^p 31879 17/: 3630 
(-62) 
f*^ p 32218 13/: 3586 
(-56) 
3640 
(-56) 
32881 17/2 3577 
(-55) 
i^d^ 32613 17/: 3536 
(-82) 
f*^ p 32709 15/2 3576 
(-71) 
32903 11/2 3551 
(58) 
f***p 32914 13/: 3498 
(-66) 
33001 11/2 3539 
(-58) 
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Transition Array For Dy II 
Low Even Levels to High Odd Levels 
Even Levels 
Odd Levels 
f*°s 
4341 
15/2 
f*°s 
4755 
13/2 
f*°s 
7485 
13/2 
33319 
33465 
33507 
f**d^  33529 
33616 
11/2 
15/2 
11/2 
17/2 
13/2 
3449 
(-62) 
3432 
(-55) 
3425 
(-63) 
3414 
(-43) 
3477 
(-49) 
33677 
34110 
34255 
34519 
11/2 
13/2 
13/2 
17/2 
3341 
(-59) 
3312 
(-37) 
3405 
(-58) 
3388 
(-55) 
3816 
(-51) 
35207 15/: 3606 
(-44) 
35365 15/2 3585 
(-47) 
35434 13/2 3576 
(-70) 
33:)' 
Transition Array For Dy 1I 
Low Even Levels to High Odd Levels 
Even Levels 
Odd Levels 
f*°s 
7463 
11/2 
f^ **s 
7485 
13/2 
f P 
9432 
9/2 
35565 15/2 3560 
(-50) 
35685 11/2 3542 
(-59) 
35841 9/2 3785 
(-78) 
36003 13/2 3505 
(-45) 
36057 11/2 3496 
(-37) 
36173 13/2 3484 
(-53) 
36264 11/2 3471 
(-54) 
36202 13/2 3471 
(-51) 
36466 9/2 3446 
(-47) 
36719 15/2 3419 
(-63) 
37527 9/2 3558 
(-56) 
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Transition Array For Dy 11 
Low Even Levels to High Odd Levels 
Even Levels 
Odd Levels 
+ *°s 
9870 
11/2 
f S 
10953 
7/2 
,io 
* P 
11801 
9/2 
37671 13/2 3596 
(-53) 
37795 11/2 3580 
(-37) 
37958 9/2 3559 
(-62) 
38078 11/2 3544 
(-60) 
38130 13/2 3537 
(-48) 
39377 5/2 3517 
(-56) 
39594 3602 
(-71) 
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TRANSITION ARRAY OF Yb I LINES 
Transition Array for Yb I 
Odd Levels to Even Levels 
33S 
Odd Levels 
Even Levels 
•f s p 
2506B 
1 
t ds 
25859 
5 
,19. 2 
f ds 
28857 
1 
, 19 , 2 
•f d s 
29774 
4 
f^s^ 0.00 
.19 f dsp 48135 2 
.19 f dsp 52346 6 
.19 f dsp 52874 6 
.13 f dsp 5873: 
4333 
(+26) 
3774 
(-77) 
3700 
(-84) 
3464 
(+57) 
3452 
-50) 
58911 3431 
(O) 
Transition Array -for Yb I 
Odd Levels to Even Levels 
339 
Odd Levels 
Even Levels 
f sp 
47409 
0 
f**sf 
48699 
4 
-
48701 
2 
f sp 
48745 
2 
t d s 
49005 
1 
.14 f ds 24489 
f^ *d5 24751 
f**ds 25270 
4361 
(0) 
4267 
(+70) 
4128 
tO) 
4258 
(0) 
4121 
(0) 
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Transition Array for Yb I 
Odd Levels to Even Levels 
Odd Levels 
Even Levels 
f sp 
17288 
0 
f sp 
17992 
1 
t sp 
19710 
2 
f ds 
23188 
2 
3770. 
(-51. 
3699 
(0) 
,0 
,9) 
.5 
•f**p^  43805 1 
f"sd 44311 
f**5d 44357 2 
i*-*p^ 44760 2 
f^ d^sp 45338 2 
f*^ dsp 46081 0 
f*%^p 46236 3 4337.5 
(O) 
f**sd 47420 2 4125.5 
(-152) 
f**sd 47646 3 3578.5 
(0) 
3791. 
(0) 
3734. 
(-10) 
3655. 
(+25) 
3559. 
(+51. 
7 
6 
7 
0 
6) 
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